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ABSTRACT 
In recent years, conversion of crop and marginal land to reconstructed prairie has 
been gaining momentum, due to the prairies’ aesthetic and environmental values. However, 
little attention has been given to the belowground biogeochemical processes, which have 
potential to reduce soil erosion, and sequester significant amounts of atmospheric CO2 in the 
soil. The general objectives of this study were to determine the effects of years since 
establishment and slope position on soil C dynamics of reconstructed prairies by (1) 
quantifying changes in soil organic carbon (SOC) and soil total nitrogen (TN) stocks, (2) 
establishing whether a site is a sink or source for CO2 by measuring potential C input and C 
loss via microbial respiration, (3) potential erosion effects by measuring water infiltration, 
and (4) examining the interrelationships between soil aggregation and SOC sequestration.  
The study was conducted in Jasper and Warren counties in Iowa. Soils in both Jasper 
and Warren counties formed in loess under native vegetation of tallgrass prairie. All of the 
reconstructed prairie sites were located in the Neal Smith National Wildlife Refuge. The 
remnant prairie was located approximately 95 kilometers southwest in Rolling Thunder 
Prairie in Warren County. All sampling plots were located on summit, mid-slope, and toe-
slope positions and were chosen by year of establishment and the presence of relatively 
similar soils. There were three reconstructed prairie sites varying in establishment year: 1993, 
1998, and 2003. These sites were then compared to an adjacent row crop production site, 
categorized as a no-till site, established in 2003. A prairie remnant site was included to 
identify the upper limits for selected soil properties, prior to conversion to cultivated row 
crop production. The experiment was designed so that site was the main treatment, replicated 
three times along different slope positions in plots of approximately 4 m2 and 30 m apart. 
x 
Changes in soil organic carbon (SOC), total nitrogen (TN), water stable aggregates (WSA), 
bulk density (ρb), above- and belowground biomass, and soil surface CO2 emissions were 
measured to examine soil C dynamics.     
Results from this study show that slope position and time since establishment did 
have a significant impact on SOC sequestration rates in the top 15 cm of soil depth. In the 
summit positions, the youngest established prairie (2003) had the greatest SOC sequestration 
rate at 2.15 Mg ha-1 yr-1, although rates sharply decreased to near zero or below zero as time 
since establishment increased after five years. Much smaller increases were observed at the 
toe-slope positions, where an average of 0.59 Mg ha-1 yr-1 was determined over the first 14 
years of prairie establishment compared to the summit position sequestration rate of 0.73 Mg 
ha-1 yr-1. At the mid-slope position, there were no detectable changes in SOC, due to the high 
variability and potential for soil erosion. In addition, increases in SOC sequestration rates 
were only observed when WSA macro-aggregate distributions were also increased. This 
suggests that the mechanism of formation of soil aggregates that aids in stabilizing soil 
organic matter is also critical in determining a site’s potential for SOC sequestration. Also, 
the two younger established reconstructed prairies sites (1998 and 2003) were superior in 
sequestering C (mainly through root biomass and surface litter) compared to the older 
prairies, and sinks for atmospheric CO2. Findings from this study suggest that slope position 
and year since establishment may be the leading factors in determining the effectiveness of 
reconstructed prairies for soil C sequestration potential.
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CHAPTER 1 
GENERAL INTRODUCTION 
 During the mid-1800s, many settlers were attracted to the Midwest, where prairie 
ecosystems over thousands of years had created a relatively balanced ecosystem with soil 
rich in nutrients and organic matter formed by aboveground plant and root residue 
decomposition. Prior to settlement, Iowa was comprised of approximately 12 million 
hectares of native tallgrass prairie. In less than a generation, most of the tallgrass prairie was 
converted to row crop production, and now only 12,140 hectares of isolated prairie remnants 
exist across the state (Samson and Knopf, 1994). Consequently, soil organic matter in these 
soils has decreased from 10 to 40% (Russell et al., 2005), depending on soil properties, 
vegetation, slope, and climate conditions (Schimel et al., 1985). 
 In recent years, conversion of crop and marginal land to reconstructed prairie has 
been gaining momentum, due to the prairies’ aesthetic and environmental values. However, 
little attention has been given to the above- and belowground biogeochemical processes that 
can contribute to potential sequestration of significant amounts of atmospheric CO2 in the 
soil and consequent reduction of soil erosion (Paustian et al., 2002; Lal 2004; EPA, 2008). 
Soils have always played a major role as both a source and sink of CO2. Soils contain the 
largest active terrestrial carbon pool on earth (3,150 Pg C), and contribute 10 times more CO2 
(75 Pg C yr-1 from soil respiration) to the atmosphere than fossil fuel combustion (Luo and 
Zhou, 2006). 
 The basic thought behind reducing CO2 emissions through carbon sequestration by 
reconstructed prairies in previously cultivated soils relies on the restoration of original carbon 
levels.  In order to more completely understand the role of reconstructed prairies in 
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sequestering CO2 in the soil, we need to understand the fundamental processes controlling 
soil carbon content. Topo- and chronosequence studies can provide a gradient of topography 
and time effects on biotic (vegetative and microbial inputs) and soil physical (bulk density, 
aggregates) factors that have an influence on SOC sequestration. Quantifying these factors in 
a topo- and chronoseqeunce study is needed to give insight on the relationships between C 
accumulation and C sequestration strategies. Changes in land use, such as reconstructed 
prairies, from previously cultivated land provide such opportunities (Brye and Kucharik, 
2003). Studies to date have shown a linear increase of SOC of 0.40 to 0.65 Mg C ha-1 yr-1 
(Potter, 1999; McLauchlan et al., 2006) in reconstructed prairies. However, other studies 
have suggested non-linear increases in SOC, showing greater increases over the first eight to 
ten years of 2 Mg C ha-1 yr-1 or greater before reaching equilibrium after approximately 10 
years (Kucharik, 2007). Additionally, much lower increases in SOC after 15 years of 
establishment have given rise to doubts that reconstructed prairies can reach SOC native 
prairie levels (Baer et al., 2002; Kucharik et al., 2006; McLauchlan et al., 2006). Although 
reconstructed prairies provide potential increases in C inputs from above and belowground 
biomass, stabilization mechanisms of soil organic matter such as soil aggregation, may be a 
substantial factor in SOC sequestration rates and limit how much C can be stored in the soil 
(Six et al., 2002).  
The general objectives of this study were to determine the effects of slope position 
and time since prairie establishment on soil C dynamics in reconstructed prairies by (1) 
quantifying changes in SOC and soil total nitrogen (TN), (2) establishing whether a site is a 
sink or source for C by measuring potential C input minus C loss via microbial respiration, 
(3) potential changes in selected soil physical properties influenced by spatiotemporal 
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variability, and (4) examining the interrelationships between soil aggregation and SOC 
sequestration.  
THESIS ORGANIZATION 
This thesis is organized into five chapters, each addressing a specific aspect on the 
effects of slope position and time since establishment of reconstructed tallgrass prairies. The 
first chapter is a general introduction that outlines the relevance of this study. The second 
chapter examines the impacts of soil physical properties, SOC, and root biomass of newly 
established prairies on water infiltration rates. The third chapter focuses on changes in SOC 
sequestration rates at different soil depths, as well as evaluates changes in aggregate stability 
and interrelationships between the two. The fourth chapter focuses on determining whether 
sites are a sink or source of CO2 by using a C budget approach to measure potential C input 
and C loss. Chapter five summarizes conclusions of the research project findings. Evaluation 
of these parameters will help understand the impacts of landscape position, time, and 
management practices on SOC sequestration. 
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CHAPTER 2 
 
EFFECTS OF LANDSCAPE POSITION AND AGE OF RECONSTRUCTED 
PRAIRIES ON INFILTRATION AND SELECTED SOIL PROPERTIES IN SOUTH 
CENTRAL IOWA 
ABSTRACT 
The severity of soil erosion depends on water infiltration into a soil environment. It is 
an important soil quality indicator strongly affected by land management. Reconstructed 
prairies can improve soil conditions such as ρb, aggregate stability, and SOC, creating a more 
permeable soil environment. We hypothesized that these soil parameters are heavily 
influenced by slope position and time since establishment of prairie grasses.  
The objective of this study was to evaluate the effects of slope position and time since 
prairie establishment on water infiltration rates, soil physical properties, and their interactions 
of reconstructed prairies in previously cultivated cropland. The study was conducted in 
Jasper and Warren counties in Iowa in 2005. Soils in both counties formed in loess under 
native vegetation of tallgrass prairie. All soil and plant sampling plots were located on 
summit, mid-slope, and toe-slope position, and were chosen by year of establishment and the 
presence of relatively similar soils. There were three reconstructed prairie sites varying in 
establishment year: 1993, 1998, and 2003. These sites were then compared to an adjacent 
row crop production site, which was categorized as a no-till site established in 2003 and a 
prairie remnant site to identify the upper limits of SOC, prior to conversion to cultivated row 
crop production. The experiment was designed so that site was the main treatment, replicated 
three times along each slope position in plots approximately 4 m-2 and 30 m a part. Findings 
show that SOC increased as time since prairie establishment increased and had a positive 
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relationship with water infiltration rates. The opposite was true for ρb; the ρb decreased as 
years since prairie establishment increased and had a negative relationship with water 
infiltration rates. Considering slope position effects, the mid-slope position generally had 
decreased SOC, root biomass, WSA, and increased ρb, compared to the summit and toe-slope 
positions. However, the summit and the mid-slope positions had similar water infiltration 
rates that were less than the toe-slope position. This was attributed to the toe-slope position’s 
superior WSA, due to greater SOC and root biomass. Evaluating these soil parameters along 
with water infiltration rates will help us understand the impacts of slope position, time, and 
management practices on soil C dynamics. 
INTRODUCTION 
Soil organic carbon (SOC) has significant effects on soil physical, chemical, and 
biological properties. Changes in land use and alteration of the ecosystem can significantly 
affect SOC status. Under similar conditions, permanent grasslands tend to have greater SOC 
content at the surface than cultivated cropland, due to slowly decomposing plant debris. This 
is mainly due to tillage management increasing rapid microbial oxidation of plant residue 
(above and below ground), which could have been stored as soil organic matter (Paustian et 
al., 2000; Al-Kaisi and Yin, 2005). In addition, tillage also reduces aggregate formation, 
shown to be critical for C accumulation (Six et al., 2002; Jones and Donnelly, 2004). Thus, 
cropland and disturbed land have been targeted as possibilities to sequester C and are 
considered a partial means for slowing further increases in greenhouse gas concentrations 
through soil C sequestration under no-tillage and organic management regimes (Lal et al., 
1999; West and Post, 2002). Many studies have already shown increases in SOC content 
after prairie reconstructions on previously cultivated cropland, especially over the first 
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decade since prairie establishment (McLauchlan et al., 2006; Kucharik, 2007; Chapter 3). 
However, little information is known about the linkage of SOC increases with overall soil 
quality parameters, such as ρb, aggregate stability, and water infiltration in reconstructed 
prairies as affected by slope position over time.      
However, conversion of crop and marginal land to reconstructed prairie has been 
gaining momentum in recent years, due to the prairies’ aesthetic and environmental values, 
modest attention has been given to the above and belowground biogeochemical processes 
that can contribute to potential reduction of surface runoff and erosion (Davie and Lant, 
1994). Losses of SOC in the summit and mid-slope positions can occur when soil erosion is 
high and deposited in the toe-slope position where SOC accumulates (Gregorich et al., 1998). 
The severity of soil erosion depends upon water infiltration into a soil environment and is an 
important soil quality indicator strongly affected by land management and slope position 
(Sauer et al., 2005; Jiang et al., 2007). Although many studies have described spatial 
variability in surface runoff in hydrologically active areas (Dunne and Black, 1970; Bernier, 
1985) and more recently including infiltration rates as affected by vegetation cover (Bhark 
and Small, 2003; Bautista et al., 2007). Little is known about the interaction effect of 
landscape hydrology and soil surface properties on infiltration rates. To fully evaluate water 
infiltration for reconstructed prairies, there must be an understanding of soil physical and 
chemical parameter effects, such as SOC, ρb, and aggregate stability on water infiltration. 
Native and permanent vegetation have been shown to improve soil conditions, such as ρb 
(Karlen et al., 1999; Murphy et al., 2004), aggregate formation (Jastrow, 1987 and 1996), 
SOC (Brye and Kucharik, 2003), and root biomass (Baer et al., 2002), creating a more 
permeable soil environment, thus reducing surface runoff.  
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The objective of this study was to examine the effects of slope position and time since 
establishment of reconstructed prairies of associated SOC, root biomass, ρb, and aggregate 
stability effects on water infiltration.  
MATERIALS AND METHODS 
Site Description and Experimental Design 
This study was established in Jasper and Warren counties in Iowa in 2005. Tables 2.1 
to 2.3 summarize site descriptions at different slope positions. Average annual temperature 
was 49.7oC and precipitation was 956 mm. Soils in both Jasper and Warren counties formed 
in loess under native vegetation of tallgrass prairie (Bryant and Woster, 1978; Nestrud and 
Woster, 1979). All of the reconstructed prairie sites were located in the Neal Smith National 
Wildlife Refuge (NSNWR) (41° 35' N, 93° 14' W). The remnant prairie was located 
approximately 95 kilometers southwest in Rolling Thunder Prairie (41° 10' N, 93° 43 W) in 
Warren County. Historical backgrounds on the conversion of row crop production to 
reconstructed prairie in NSNWR sites, as well as present vegetative conditions on all sites, 
were summarized in Tables 2.1 to 2.3. 
All soil and plant sampling plots were located on summit, mid-slope, and toe-slope 
positions, and were chosen by year of establishment and the presence of relatively similar 
soils (Tables 2.1 to 2.3). There were three reconstructed prairie sites varying in establishment 
year; 1993, 1998 and 2003, categorized as P-1993, P-1998, and P-2003, respectively. These 
sites were then compared to an adjacent row crop production site, categorized as a no-till site 
established in 2003 (NT-2003). A prairie remnant (P-Remnant) site was included to identify 
the upper limits for selected soil properties, prior to conversion to cultivated row crop 
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production. The experiment was designed so that site was the main treatment, replicated 
three times along each slope position in plots approximately 4 m2 and 30 m a part.     
Soil Organic Carbon, Bulk Density, and pH 
Soil samples were collected in May 2005. Ten to twelve soil cores (1.85 cm diameter) were 
randomly taken to a depth of 15 cm in each plot and then homogenized into a single sample. 
Soil samples were sieved (2 mm) and then air dried before analyzed for pH (1:1; soil to 
water), using an AR15 pH meter (Accumet® Research, Fisher Scientific International Inc.). 
SOC was determined by dry combustion using a LECO CHN analyzer (LECO, St. Joseph, 
MI). Also, three bulk density samples were randomly collected, using a 1.85 cm diameter soil 
probe in each plot. Soil cores were taken at the same soil depth, and then oven dried at 105 
ºC for 24 hours and weighed. The ρb (Mg m-3) was calculated as the dried soil mass divided 
by the soil core volume (Blake and Hartge, 1986). In order to have fair comparisons of SOC 
and TN between sites, mean SOC and TN concentrations (g kg-1 dry soil) were multiplied by 
mean pb values and soil depth of 15 cm to convert SOC concentration to mass per area basis 
(Mg ha-1) (Ellert et al., 2001).   
Root Biomass 
Using a soil core sampling method, a 7.6 cm diameter golf course hole cutter was 
used to collect root biomass samples to a 15 cm depth in three replications for each plot. 
Samples were collected in late August. All samples were frozen until analysis could be 
performed. Soil cores were processed by sieving and flotation of roots using a 
hydropneumatic elutriation system (Gillison’s Variety Fabrication, Inc.) equipped with 530 
micron screens (Smucker et al., 1982). Removal of any non-root debris was conducted during 
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this process. The roots were then oven dried at 65oC until all water was evaporated, and roots 
were dry and brittle, and the sample was weighed to determine dry matter weight. 
Aggregate Stability 
 Soil samples were taken using a 7.6 cm diameter golf course hole cutter to a soil 
depth of 15 cm in three replications for each plot in May 2005. Soil samples were then gently 
passed through 8 mm sieve to remove any undesirable plant residue and rocks. Soil samples 
were then air dried and stored for analysis. The water stable aggregate (WSA) size 
distributions were determined following the procedure from Kemper and Rosenau (1986) 
with some modifications. A soil sample of 100 g was used for wet sieving for 5 minutes in 
deionized water at 21ºC. By lowering and then raising the sieves with a stroke length of 20 
mm and a frequency of 90 strokes min-1, using a custom made sieving machine where 20 cm 
diameter sieves could fit. Seven aggregate size fractions were collected, >4, 2 to 4, 1 to 2, 0.5 
to 1, 0.25 to 0.5, and 0.053 to 0.25 mm. For the remaining sample that passed through the last 
sieve, 0.053 mm was considered <0.053 mm. Each soil sample was first misted and then 
submerged in water in the top sieve for at least 5 minutes before wet sieving began to slake 
off air dried soil. Following wet sieving, samples were poured into tubs and oven dried at 
65oC until all water was evaporated and dry weight was recorded for each size fraction. In 
addition, WSA dry weights were then adjusted to soil moisture corrections from air dried 
sub-samples of WSA. The aggregate stability for each soil sample was then expressed by 
mean weight diameter (MWD) (Youker and Mcguiness, 1957): 
                          (1) 
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where, xi is the mean diameter of size fraction, and wi is the weight fraction of aggregates of 
total sample. 
Water Infiltration 
Water infiltration rates were measured using a Cornell Sprinkle Infiltrometer (Cornell 
University, Ithaca NY) (Ogden et al., 1997). This system consisted of a portable rainfall 
simulator placed on a single 24.1 cm inner diameter ring inserted 7 cm into the soil and 
aboveground vegetation was clipped. The ring was equipped with an overflow tube to 
determine the time to runoff and runoff rate. Rainfall simulator intensity rates of 0.5 cm min-1 
were used. Every three minutes, runoff was measured until steady water infiltration occurred. 
Water infiltration (it) was calculated by using the following equation:  
                                                     it = r – rot                                                                 (2) 
where, r is rainfall intensity and rot is surface runoff. In addition, to account for three-
dimensional flow in the bottom of the ring, Reynolds and Elrick (1990) developed a model to 
estimate Field-Saturated Infiltrability (using single ring rain simulators), which takes into 
account soil type and ring insertion depth effects on infiltration rate. Therefore, they 
determined empirical correction factors for different soil texture and insertion depths to 
adjust field measurements of infiltration rates. In this study, rings were inserted to a soil 
depth of 7 cm in silt loam soils. Therefore, a conversion factor of 0.80 was used to take into 
account of horizontal flow at the bottom of the ring: 
                                                               ifs = it x 0.80                                                              (3) 
where, ifs is field-saturated infiltrability.   
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Statistical Analysis 
In general, data were analyzed using the general linear procedure (GLM) (SAS 
Institute Inc., 2002). Statistical significance was evaluated at P ≤ 0.1. To measure the effects 
of slope position and time since establishment of different sites on ρb, SOC, root biomass, 
WSA, MWD and infiltration, each 4 x 4 m plot was treated as an experimental unit for a total 
of 15 observations and treatment means for comparisons (3 replicated plots x 5 locations). 
Due to restrictions in manageable workload (i.e., limited available sites and time constraints 
on sampling), treatment comparisons were unavoidably based on pseudo-replicated data 
collection. Detailed assessments of soil texture, bulk density, vegetation growth, and other 
related properties were determined to characterize site-to-site variability and to incorporate 
differences into the analyses and interpretations when differences occurred between sites. 
Additionally, correlations were done using PROC CORR procedure in SAS (SAS Institute, 
2002). 
RESULTS AND DISCUSSION 
Slope Position and Time Since Prairie Establishment Effects on Selected Soil Properties 
Soil Organic Carbon 
 The greatest SOC concentrations generally occurred at the toe-slope positions, 
followed by the summit and the least at the mid-slope positions (Fig. 2.1). This can be 
attributed to SOC distribution and losses due to soil erosion and deposition effects by slope 
position (Gregorich et al., 1998). Additionally, there were differences in SOC concentrations 
among sites, best explained by years since establishment (Table 2.4). The P-Remnant site had 
the greatest SOC concentrations, followed by the NT-2003 site, P-1993, and P-1998 
reconstructed prairie sites, respectively, when averaged across all slope positions. However, 
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SOC concentration at the P-2003 site was significantly lower than that for all sites. This was 
primarily due to the mid-slope position having a higher risk of soil erosion and decreasing 
soil productivity (potential C input from above- and belowground).  
Root Biomass 
 With exception of the NT-2003 site, there was a significant reduction in root biomass 
at the mid-slope position compared to the summit and toe-slope positions (Fig. 2.2). This can 
be attributed to differences in vegetation densities at the mid-slope position compared to the 
summit and toe-slope positions, as summarized in Tables 2.1 to 2.3, and the loss of soil 
productivity due to soil erosion, as previously mentioned. Years since prairie establishment 
and selected soil properties were not well correlated with root biomass (Table 2.4). However, 
increases in root biomass have long been known to enhance aggregate formation and 
reduction in ρb, due to root exudates acting as binding agents for soil particles (Tisdall and 
Oades, 1982; Oades and Waters, 1991). 
Bulk Density 
In general, ρb values averaged across slope positions, tended to decrease as time since 
establishment increased (Fig. 2.3). Slope position was not a significant determinant for ρb, 
due to site variability of natural and anthropogenic parameters (land use and vegetation 
system) summarized in Tables 2.1 to 2.3. Decreases in ρb can be attributed to increases in soil 
organic matter, soil structure, and root biomass, as time since establishment increased in 
reconstructed prairies (Table 2.4). Other studies have reported similar findings (Jastrow, 
1987; Baer et al., 2002; and McLauchlan et al., 2006), where they found a strong linkage 
between SOC content, root biomass, and soil aggregation, which have major influences on 
ρb.       
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Soil Aggregate 
In general, WSA at the mid-slope position had lower WSA greater than 2 mm, when 
compared to those at the summit and toe-slope positions (Fig. 2.4). The MWD diameter 
shows the same trend with mid-slope position having a significantly lower MWD compared 
to the summit and toe-slope positions (Fig. 2.5). This might be attributed to lower root 
biomass and soil organic matter, due to soil erosion that occurs in the mid-slope position. 
Differences among sites were also observed, where the two most recent established sites had 
significantly lower MWD values compared to the longer established reconstructed and 
remnant prairie sites (Figs. 2.6). This suggests that similar WSA distributions can be reached 
within a decade of prairie establishment (or cessation of tillage) of a remnant prairie and the 
rate of increase is much greater during the early years of prairie establishment than well 
established prairies. These results agree with Jastrow’s (1996) study that soil aggregates can 
reach their maximum size around 10 years after cessation of tillage.  
Soil Physical Properties Effects on Infiltration Rate 
Infiltration decreased, as time since initial runoff increased, until a steady state was 
reached on average after 30 minutes (Fig. 2.7). The largest decreases in infiltration rates were 
observed during the first 12 minutes after initial runoff. Slope position effects on infiltration 
rates showed the summit and mid-slope positions had lower infiltration rates compared to the 
toe-slope position (Fig. 2.8), as Sauer et al. (2005) found in their study.  Using Simple 
correlations between infiltration rates and selected soil properties (Table 2.4) showed that 
year since prairie establishment, SOC concentrations, and ρb were significant parameters in 
determining infiltration rates.
 
This follows the trend of SOC increasing and ρb decreasing as 
years since establishment increases, resulting in a more permeable environment for water. 
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Additionally, MWD and root biomass were also major factors in explaining much of the 
differences that occurred in the first 3 minutes of infiltration as shown in Fig 2.8 and Table 
2.4. When infiltration rates were grouped across sites by slope position, as shown in Fig 2.8, 
the P-Remnant site had among the highest in infiltration rates across all slope positions, 
followed by the P-2003 site, with the exception of the mid-slope position. Infiltrations rates 
for the P-1998, P-1993, and NT-2003 sites across slope positions in general were not 
significantly different from one another.  
 Several soil properties (SOC concentration, root biomass, ρb, MWD, and years since 
prairie establishment) were tested for correlation with infiltration rates by slope position 
(Table 2.5). At the summit position, none of the selected soil properties correlated well with 
infiltration rates. At the toe-slope position, SOC concentration and time since prairie 
establishment had a positive correlation, while ρb had a negative correlation with infiltration 
rates. This might be attributed to the toe-slope position’s greater SOC and lower bulk density 
compared to the summit and mid-slope positions. At the mid-slope position, only ρb was well 
correlated (negatively) with infiltration rates. In general, these findings suggest that soil 
surface properties are not strongly correlated with infiltration rates at the summit and mid-
slope positions. Also, these findings suggest that infiltration rate is affected differently by 
SOC and other parameters above at different slope positions.  
For the most part, this can be explained by slope position effects on soil organic 
matter pool size (Gregorich et al., 1998; Hook and Burke, 2000). All of the soil properties 
measured in this study (SOC concentration, root biomass, ρb, WSA, and MWD) were 
significantly lower at the mid-slope position with an exception of ρb, which was greater than 
that of the summit and toe-slope positions. This can be attributed to the higher soil erosion 
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and soil degradation at the mid-slope position, which, in turn, results in lower biomass 
productivity. Additionally, SOC as well as silt and clay fractions eroded due to water runoff 
are then deposited down slope, where accumulation occurs. This resulted in higher 
infiltration rates in the toe-slope position, due, in part, to the development of soil aggregation.  
At the mid-slope position where the low SOC concentrations and MWD occurred, 
steady state infiltration rates were reached quicker than at the summit and toe-slope positions 
(Fig. 2.8). In this case, soil surface properties might play a less significant role in infiltration 
rates than distinctive hydrological and pedological features, such as slope percentage and the 
curvature of the land surface (Pennock et al., 1987).  
At the summit position, which has relatively less potential for soil erosion and 
deposition compared to the mid-slope and toe-slope positions, infiltration rates were similar 
to that of the mid-slope positions, even though the summits had higher root biomass, SOC 
concentrations, and MWD. This might be attributed to the high rainfall simulated rates of 0.5 
cm min-1 that were required in this study to reach steady infiltration in a practical time.  
CONCLUSIONS 
Soil properties, with the exception of root biomass, had a positive relationship with 
years since establishment of reconstructed prairie (or cessation of tillage), although a 
negative relationship was found for ρb. Generally, in the mid-slope position, SOC 
concentrations, root biomass, and WSA had decreased, while ρb had increased, compared to 
the summit and toe-slope positions. However, the mid-slope and the summit positions had 
lower infiltration rates than the toe-slope position. This was attributed to the toe-slope 
positions superior SOC and lower bulk density, which were highly correlated with infiltration 
rates. The findings of this study showed that infiltration rates in these reconstructed prairies 
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and the row crop production site were influenced by SOC concentration, root biomass, ρb, 
and MWD, which varied as a result of slope position and time since prairie establishment. In 
summary, slope position and time since establishment of prairies (or cessation of tillage) did 
have a significant positive impact on SOC, ρb, WSA, and root biomass, which, in turn, 
resulted in greater infiltration rates. This was attributed to the promotion of establishing 
permanent vegetation, such as reconstructed prairies, and leaving the ground undisturbed to 
allow for formation of soil aggregates and accumulation of soil organic matter to improve 
overall soil quality. 
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Table 2.1. Summit parameters: Establishment year, current plant species, physiography, and selected soil properties for each site at 
the top 15 cm soil depth. 
 Site Description 
Characteristic NT-2003 P-2003 P-1998 P-1993 P-Remnant 




no-till since 2003 
2003 1998 1993 Native remnant 





















Physiography      
   Elevation (m) 240 261 387 285 122 
   Slope (%) 10-16 5-8 6-9 4-10 10-14 
Soil properties      
   Soil associa. Otley-Mahaska Otley-Mahaska Otley-Mahaska Otley-Mahaska Ladoga-Gara-
Armstrong 
   Soil type Otley Otley Otley Otley  Adair-Sharpsburg 
   Sand (%) 2 2 2 3 21 
   Silt (%) 71 68 68 70 56 
   Clay (%) 26 30 30 27 23 
   pH* 6.81 6.80 6.74 7.12 6.63 
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Table 2.2. Mid-slope parameters: Establishment year, current plant species, physiography, and selected soil properties for each site 







 Site Description 
Characteristic NT-2003 P-2003 P-1998 P-1993 P-Remnant 
Ecosystem Row crop Prairie Prairie Prairie Prairie 
Establishment 1870’s 
no-till since 2003 
2003 1998 1993 Native remnant 




























Physiography      
   Elevation (m) 915 915 890 900 320 
   Slope (%) 0-1 0-2 0-6 3-4 2-4 
Soil properties      
   Soil associa. Otley-Mahaska Otley-Mahaska Otley-Mahaska Otley-Mahaska Ladoga-Gara- 
Armstrong 
   Soil type Mahaska Mahaska Tama Mahaska Sharpsburg 
   Sand (%) 5 2 2 2 2 
   Silt (%) 67 69 70 71 69 
   Clay (%) 28 29 28 27 29 
   pH 7.14 6.39 7.17 6.80 6.70 
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Table 2.3. Toe-slope parameters: Establishment year, current plant species, physiography, and selected soil properties for each site 
at the top 15 cm soil depth. 
 Site Description 
Characteristic NT-2003 P-2003 P-1998 P-1993 P-Remnant 
Ecosystem Row crop Prairie Prairie Prairie Prairie 
Establishment 1870’s  
no-till since 2003 
2003 1998 1993 Native remnant 
Plant Species Zea mays L. Silphium 
 laciniatum 





various other forbs 
Helianthus  
grosserratus 
Physiography      
   Slope (%) 0-1 1-5 0-1 4-5 1-4 
Soil properties      
   Soil associa. Otley-Mahaska Otley-Mahaska Otley-Mahaska Otley-Mahaska Ladoga-Gara- 
Armstrong 
   Soil type Shelby Shelby Shelby Shelby   Colo-Ely 
   Sand (%) 11 3 3 3 28 
   Silt (%) 63 68 68 70 49 
   Clay (%) 26 29 29 27 23 
   pH* 7.03 6.56 6.91 7.09 5.97 
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Table 2.4. Correlations between soil organic carbon (SOC) concentration, root biomass (RB), bulk density (ρb), mean weight 
diameter (MWD), infiltration rate (It), infiltration rate the first 3 minutes (3-Min It), and years since establishment (Years). 






Table 2.5. Correlations between infiltration rate for each slope position and soil organic carbon (SOC) concentration, root biomass 









*For the P-Remnant site, 150 years was assumed for establishment year in model.  Significance level P> 0.1
 SOC RB ρb MWD It 3-Min It 
 r P-value r P-value r P-value r P-value r P-value r P-value 
Years* 0.80 <0.0001 0.03 0.8548 -0.66 <0.0001 0.17 0.3258 0.53 0.0008 0.60 0.0001 
SOC - - 0.13 0.4497 -0.69 <0.0001 0.08 0.6341 0.58 0.0002 0.63 <0.0001 
RB 0.13 0.4497 - - -0.25 0.1461 0.24 0.1642 0.09 0.5830 0.20 0.2500 
ρb -0.69 <0.0001 -0.25 0.1467 - - -0.29 0.0895 -0.53 0.0009 -0.70 <0.0001 
MWD 0.08 0.6341 0.24 0.1642 -0.29 0.0895 - - -0.02 0.8876 0.30 0.0764 
 Summit Mid-slope Toe-slope 
 r P-value r P-value r P-value 
Years* 0.44 0.1516 0.32 0.3057 0.85 0.0009 
SOC 0.43 0.1588 0.33 0.2405 0.82 0.0011 
RB 0.16 0.6208 -0.51 0.1311 0.32 0.3150 
ρb -0.23 0.4730 -0.53 0.0744 -0.80 0.0020 
MWD 0.33 0.2872 0.21 0.5070 -0.33 0.3008 
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Fig. 2.1. Slope position effect on SOC concentration in the top15 cm soil depth for each site. 
Treatments within the same site with the same letters are not significantly different according 





















Fig. 2.2. Slope position effect on root biomass in the top15 cm soil depth for each site. 
Treatments within the same site with the same letters are not significantly different according 
to the least-squares means test at P ≤ 0.1. 
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Fig. 2.3. Slope position effect on bulk density in the top 15 cm soil depth for each site. 
Treatments within the same site with the same letters are not significantly different according 





















Fig. 2.4. Slope position effect on wet aggregate mean weight diameter at the top15 cm soil 
depth. Treatments with the same letters are not significantly different according to the least-
squares means test at P ≤ 0.1. 
















































































Fig. 2.5. Slope position effect on wet aggregate mean weight diameter at the top15 cm soil 
depth. Treatments with the same letters are not significantly different according to the least-






















Fig. 2.6. Mean weight diameter of all sites across slope positions. Treatments with the same 
letters are not significantly different according to the least-squares means test at P ≤ 0.1. 
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Time since intital run-off















































Fig. 2.7. Infiltration rates at each site and slope position. Simulated rainfall rate of 0.5 cm 
min-1 was used. Treatments with the same letters at each time of measurement are not 























           31 
Time since intital run-off


























































































Time since intital run-off












































































Time since intital run-off


















































































































Fig. 2.8. Average infiltration rate across all sites and slope positions. Simulated rainfall rate 
of 0.5 cm min-1 was used. Error bars indicate standard deviation.
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CHAPTER 3  
EFFECTS OF LANDSCAPE POSITION AND AGE OF RECONSTRUCTED 
PRAIRIES ON SOIL ORGANIC CARBON SEQUESTRATION RATES AND 
AGGREGATES ASSOCIATED CARBON 
ABSTRACT 
Changes in land use such as reconstructed prairies on previously cultivated cropland 
give rise for the potential of greater SOC sequestration rates when reversing the effects of 
cultivation. In this study, a topo- and chrono-sequence approach was used to investigate 
relationships between SOC sequestration and soil aggregation. Our hypothesis was that the 
greatest increases in SOC would be observed on sites where SOC was the most depleted, due 
to the destruction of soil aggregation, when compared to a nearby remnant prairie. This study 
was conducted in Jasper and Warren counties in Iowa, 2005 to 2008. Soils in both counties 
were formed in loess under native vegetation of tallgrass prairie. All soil and plant sampling 
plots were located on summit, mid-slope, and toe-slope positions and were chosen by year of 
establishment and the presence of relatively similar soils. There were three reconstructed 
prairie sites varying in establishment year; 1993, 1998, and 2003. These sites were then 
compared to an adjacent row crop production site, categorized as a no-till site, established in 
2003. A prairie remnant site was included to identify the upper limits for selected soil 
properties, prior to conversion to cultivated row crop production. The experiment was 
designed so that site was the main treatment, replicated three times along each slope position 
in plots of approximately 4 m2 and 30 m a part. In each plot, changes in SOC, TN, ρb, WSA 
were determined. 
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Results from this study show that slope position and time since establishment did 
have a significant impact on SOC sequestration rates in the top 15 cm soil depth only. In the 
summit position, the greatest SOC sequestration rates were observed in the youngest prairie 
at 2.15 Mg ha-1 yr-1, and decreased to near equilibrium after approximately 8 years. 
Additionally, SOC was shown to increase linearly at a rate of 0.73 Mg ha-1 yr-1 since prairie 
establishment during the 14-year period. In the toe-slope position, SOC increase was 
substantially lower at 0.59 Mg ha-1 yr-1. Changes in SOC content by years since prairie 
establishment were not detectable in the mid-slope position. Furthermore, increases in SOC 
sequestration rates were only observed when WSA macro-aggregates distributions also 
increased. This occurred in the youngest reconstructed prairie in the summit and in the mid-
slope positions in 1998 and 1993 reconstructed prairies. This suggests that the mechanism of 
soil aggregate formation aids in stabilizing soil organic matter and is critical in determining a 
site’s potential for SOC sequestration and that aggregate formation is significantly affected 
by slope position and years since prairie establishment. Landscape position and year since 
establishment may be the leading factors in determining the effectiveness of reconstructed 
prairies on soil C sequestering potential. 
INTRODUCTION 
Changes in land use and alteration of the ecosystem can significantly affect SOC. 
Under similar conditions, permanent grasslands tend to have greater SOC content on the 
surface than cultivated cropland, due to slowly decomposing plant debris. Conversely, 
tillage, which disturbs the soil surface, increases decomposition of soil organic matter by 
breaking down aggregates and exposing silt-clay complexes to microbial activities (Oades, 
1984; Elliott, 1986; Paustian et al., 1997). Nonetheless, this reduction in SOC gives rise for 
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the potential of greater SOC sequestration rates when reversing the effects of cultivation 
(Post and Kwon, 2000). However, little is known on interrelationships between soil 
aggregation and SOC sequestration after tillage has ceased (Jastrow, 1987, 1998). 
The main factors that affect SOC sequestration in soils are: (i) above- and 
belowground input of organic carbon (ii) the decomposability of the organic materials; (iii) 
the depth in the soil at which the organic matter is placed; and (iv) the physical protection of 
either aggregates or adsorption to silt-clay minerals (Jones and Donnelly, 2004). Once 
organic C sources interact with the soil, it enters the labile C pool (in various stages of 
decomposition) and with addition of microbial and plant-root exudates, act as biological 
binding agents with silt-clay and other minerals, enhancing the formation of soil aggregates 
(Tisdall and Oades, 1982; Oades and Waters, 1991). Additionally, these biotic activities are 
heavily influenced by topography (Hook and Burke, 2000; Brye and Kucharik, 2003), 
climate (Brye and West, 2004; Raich and Potter, 1995) and soil texture (Feller and Beare, 
1997; Hassink, 1997) over time (Richter et al., 1999; Akala and Lal, 2001). Thus, topo- and 
chrono-sequence approaches that provide a gradient of topography and time are needed to 
give insights into the relationships between SOC sequestration and soil aggregation. Changes 
in land use such as reconstructed prairies from previously cultivated land provide such 
opportunities (Brye and Kucharik, 2003). In particular, the greatest changes in SOC 
sequestration rates are expected in the early years of establishment and may not be evident in 
long-established systems (Jastrow, 1987, 1995; McLauchlan et al., 2006; Kucharik, 2007). 
Information on landscape position effects on SOC sequestration rates is also needed, since 
studies have shown significant decreases in SOC stocks in high risk erosion soils, such as the 
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mid-slope position, and consequently, SOC is then deposited in the toe-slope position where 
greater SOC content is observed (Gregorich et al., 1998: Chapter 2).                
Our hypothesis is that changes in soil C dynamics in newly established prairie 
systems on long-term cultivated row crop production land will be highly affected by slope 
position and temporal variability, where the greatest SOC stock rate of increase will be in 
most recently established systems. This study was conducted to investigate the effects of 
landscape position and prairie age on SOC changes and associated soil aggregates of 
reconstructed prairie in previously cultivated cropland. In particular, this research can 
provide answers to questions related to changes in SOC and associated soil properties, such 
as soil aggregate stability (WSA, aggregates that resist breakage in water) and bulk density of 
the newly established systems.  
MATERIALS AND METHODS 
Site Description and Experimental Design 
This study was conducted in Jasper and Warren counties in Iowa from May 2005 to 
May 2008. During this period, annual precipitation averaged 904 mm and annual mean 
temperature was 10.3oC. Soils in both Jasper and Warren counties formed in loess under 
native vegetation of tallgrass prairie (Bryant and Woster, 1978; Nestrud and Woster, 1979). 
All of the reconstructed prairie sites were located in the Neal Smith National Wildlife Refuge 
(NSNWR) (41° 35' N, 93° 14' W). The remnant prairie was located approximately 95 
kilometers southwest in Rolling Thunder Prairie (41° 10' N, 93° 43 W). Historical 
backgrounds on the conversion of row crop production to reconstructed prairie in NSNWR 
sites as well as present vegetative conditions on all sites were summarized in Tables 2.1 to 
2.3. 
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All sampling plots were located on summit, mid-slope, and toe-slope positions, and 
were chosen by year of establishment and the presence of relatively similar soils (Tables 2.1 
to 2.3). There were three reconstructed prairie sites varying in establishment year—1993, 
1998, and 2003; categorized as P-1993, P-1998, P-2003, respectively. These sites were then 
compared to an adjacent row crop production site, categorized as a no-till site established in 
2003 (NT-2003). A prairie remnant (P-Remnant) site was included to identify the upper 
limits for SOC and TN of prairie ecosystem prior to conversion to cultivated row crop 
production. The experiment was designed so that site was the main treatment, replicated 
three times along each slope position in plots of approximately 4 m2 and 30 m a part. In each 
plot, SOC, TN, ρb, and WSA were measured.     
Soil Sampling and Analyses 
Soil samples were collected in the beginning of every May from 2005 to 2007, to 
measure any changes in SOC, TN, and pH. Ten to twelve soil cores were randomly taken 
from each of the following depths of 0-15, 15-30, 30-45, and 45-60 cm in each plot.  Soil 
cores for each depth were homogenized into a single sample. Soil samples were 2-mm sieved 
and then air dried before being analyzed for pH (1:1; soil to water) using an AR15 pH meter 
(Accumet® Research, Fisher Scientific International Inc.); SOC and TN were determined by 
dry combustion using a LECO CN analyzer (LECO, St. Joseph, MI).  At the same time three 
bulk density samples were randomly collected from each plot, using a 1.85 cm diameter soil 
probe for each soil depth. Soil cores were taken at the same soil depths and were then oven 
dried at 105 ºC for 24 hours and weighed. Bulk density (ρb, g cm-3) was calculated as the 
dried soil mass divided by the soil core volume (Blake and Hartge, 1986). To have fair 
comparisons of SOC and TN between sites, mean SOC concentrations (g kg-1 dry soil) were 
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multiplied by mean ρb values and soil depth of 15 cm to convert SOC concentration to mass 
per area basis (Mg ha-1). Initial ρb, SOC and TN in 2005 are shown in Table 3.1.  
Aggregate Stability, and Associated Carbon and Nitrogen 
 Soil samples were taken using a 7.6 cm diameter golf course hole-cutter to a soil 
depth of 15 cm in three replications for each plot in mid-May in 2005 and 2008. Soil samples 
were then gently sieved through an 8-mm sieve to remove any undesirable plant residues and 
rocks. Soil samples were air dried and stored for analysis. The WSA size distribution was 
determined following the procedure by Kemper and Rosenau, 1986, with some 
modifications. A 100 g of soil sample was used for wet sieving for 5 minutes in deionized 
water at 21ºC, by lowering and then raising the sieves with stroke length of 20 mm and a 
frequency of 90 strokes min-1, using a custom-made sieving machine where 20 cm diameter 
sieves could fit. Seven aggregate size fractions were collected, >4, 2 to 4, 1 to 2, 0.5 to 1, 
0.25 to 0.5, and 0.053 to 0.25 mm and for the remaining fraction that had passed through the 
last sieve (0.053mm), was considered <0.053 mm. Each soil sample was first misted and then 
submerged in water in the top sieve for at least 5 minutes before wet sieving began to slake 
off air dried soil. Following wet sieving, the soil samples were immediately poured into tubs 
and oven dried at 65oC until all water was completely evaporated and dry weight was 
recorded for each size fraction. In addition, WSA dry weights were adjusted to soil moisture 
corrections from air-dried sub-samples of WSA. The WSA-associated C and total N 
concentrations were determined by dry combustion using a LECO CN analyzer (LECO, St. 
Joseph, MI) for each size fraction after aggregates were ground to a fine powder using mortar 
and pestle. Organic C and total N concentrations values were then adjusted for sand-free 
WSA. Sand-free WSA was determined by wet sieving a second set of soil samples, using the 
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same WSA procedure mentioned above. Soil aggregate factions from each sieve were 
collected, dried, and the weights were recorded. Each soil aggregate fraction was placed into 
a 250-ml Nalgene bottle, sodium hexametaphosphate solution (concentration of 5 g L-1) 
equivalent to 5:1 (solution to soil) was added and left overnight in a mechanical shaker at 350 
revolutions min-1. The solution was then passed through a 0.053 mm sieve, where sand was 
collected, washed with deionized water, and oven dried at 65oC. Dry weight of sand from 
each fraction was then used for sand-free corrections. Initial WSA in 2005 are shown in Fig. 
3.1.  
Statistical Analysis 
 In general, data were analyzed using Proc Mixed with repeated measures for soil 
depth (SAS Institute Inc., 2002). A compound symmetry covariance structure was used for 
repeated measures. Means were separated using an ANOVA F-test when treatment effects 
were significant. Statistical significance was evaluated at P ≤ 0.10. To measure the effects of 
slope position time since establishment, and soil depth of NT-2003, reconstructed prairies 
varying in establishment age, and P-Remnant on ρb, SOC, TN, and WSA, each plot was 
treated as an experimental unit for a total of 18 observations and treatment means for 
comparisons (3 replicated plots x 6 locations). Due to restrictions in manageable workload 
(i.e., limited available sites and time constraints on sampling), treatment comparisons were 
unavoidably based on pseudo-replicated data. Detailed assessments of soil texture, bulk 
density, vegetation growth, and other related properties were determined to characterize site-
to-site variability and to incorporate differences into the analyses and interpretations when 
differences occurred between sites.  
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RESULTS AND DISCUSSION 
Effects of Landscape and Prairie Age on Bulk Density, and Carbon and Nitrogen 
Sequestration Rates 
Averaged across sites and slope position, Fig. 3.1 shows ρb, in general, decreased in 
the top 15-cm soil depth, although it increased in the 30-45 cm soil depth and to a lesser 
extent in the 15-30-cm soil depth. In addition, little to no change was observed in the 45-60 
cm soil depth. Slope position effects on ρb varied by site (Figs. 3.2a and 3.2b). Changes in ρb 
for the entire soil depth 0-60 cm (when averaged across soil depths) ranged between 0.00 to 
0.08, -0.08 to 0.11, and -0.04 to 0.08 Mg m-3 yr-1 in the summit, mid-slope, and toe-slope 
positions, respectively (Fig. 3.2a). These changes in ρb are due to natural (pedogenic 
characteristics, biotic parameters, and climatic parameters) and anthropogenic factors (land 
use, cropping system, tillage, residue management, and vehicular traffic), as shown in greater 
detail by Lal and Kimble (2001). Short term changes, due to prairie and no-till establishment, 
would be more directly measured by considering the top 15-cm soil only. In this case, prairie 
and no-till newly establishment sites had lower ρb across all slope positions (Fig. 3.2b).  
Although in some cases, increases in ρb were observed, they were not significantly different 
from sites that had little or no increases in ρb due to high variability in the soil. These results 
were similar to other studies, which showed that reconstructed prairies generally have a 
decrease in ρb in the top 10 to 15- cm soil surface, due to increased root volume of prairie 
grasses (Baer et al., 2002). The ρb values in the top 15-cm soil depth over years since prairie 
establishment decreased over the 2- to 14-year period across all slope positions for prairie 
sites (Fig. 3.3). However, a linear regression model showed a poor fit between ρb and time of 
establishment, especially in the summit and toe-slope positions. The largest decreases in ρb 
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values occurred in the mid-slope position (-0.0147 Mg m-3) and to a lesser extent in the toe-
slope (-0.0098 Mg m-3), and summit positions (-0.0038 Mg m-3). In the NT-2003 site, there 
was little difference in the two-year period for ρb values across all slope positions (Fig. 3.2b). 
The P-Remnant site on average had lower ρb compared to the reconstructed prairies and NT-
2003 site (Fig. 3.3).    
Soil depth showed no significant effect on SOC sequestration rates; thus, the 
differences between sites across slope positions are presented for the top 60-cm soil depth 
(Fig. 3.4a). Differences among sites were only observed in the summit position where NT-
2003 and P-1998 sites had the greatest SOC sequestration rates and the P-2003, P-1993 and 
P-Remnant sites were at or near zero rates. This may be attributed to changes in ρb (Fig. 3.2a) 
among other factors, as mentioned previously in the top 60 cm soil depth and not necessarily 
due to change in surface C concentration only. Comparisons between sites’ SOC 
sequestration rates for each slope position in the top 15-cm soil depth are summarized in Fig. 
3.4b, where the effects of prairie establishment or cessation of tillage on SOC are observed. 
In the summit position, the most recently established sites (NT-2003 and P-2003 sites) had 
the greatest SOC sequestration rates (2.59 and 2.15 Mg SOC ha-1 yr-1, respectively) followed 
by the P-1998 site, the P-Remnant, and P-1993 site, respectively, which are at or near zero 
rates. In a similar study, Kucharik (2007) also found that SOC sequestration rates decline as 
years since prairie establishment increased in Wisconsin under previously cultivated 
Mollisols in a 4- to 16-year period. 
 In the mid-slope and toe-slope positions, variability in SOC sequestration rates 
increased dramatically compared to the summit positions. In the mid-slope position, the 
largest SOC sequestration rate occurred in the P-1993 site (2.90 Mg SOC ha-1 yr-1), although 
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it was not significantly different from the P-1998 and NT-2003 sites, 0.07 and 1.77 Mg SOC 
ha-1 yr-1, respectively. There were significant negative SOC sequestration rates observed in 
the most recently established prairie site (P-2003) at -4.88 Mg SOC ha-1 yr-1 and P-Remnant 
site at -2.57 Mg SOC ha-1 yr-1. In the toe-slope position, there were no differences in SOC 
sequestration rates, due to the high variability within each site, which varied from 0.23 to -
2.57 Mg SOC ha-1 yr-1.  
The top 15-cm soil depth SOC content values in the summit (0.73 Mg SOC ha-1 yr-1) 
and toe-slope (0.59 Mg SOC ha-1 yr-1) positions showed a linear increase over the 2- through 
14-year period in the summit (0.73 Mg SOC ha-1 yr-1) and toe-slope (0.59 Mg SOC ha-1 yr-1) 
positions (Fig 3.5). Comparable rates of increase in soil C stocks rates have been reported of 
0.62 Mg SOC ha-1 yr-1 in Minnesota (McLauchlan et al., 2006) and 0.45 Mg SOC ha-1 yr-1 in 
Texas (Potter et al., 1999). Lower SOC Sequestration rate in the toe-slope position compared 
to the summit position might be attributed to less drastic differences between reconstructed 
prairies SOC content of the P-Remnant site, which is hypothesized to be near saturation.  
In the mid-slope position, SOC content generally decreased since year of 
establishment (-0.73 Mg SOC ha-1 yr-1). However, in the P-1993 and P-1998 sites, SOC 
content did increase from 2005 to 2007 period in the mid-slope position. This suggests that 
the mid-slope position has lower SOC sequestration rates compared to the summit and toe-
slope positions, at least in the first 14 years of prairie establishment for this study. For the 
most part, this can be explained by slope position effects on soil organic matter pool sizes 
and potential soil erosion in the mid-slope position (Hook and Burke 2000).  
Generally in this study, vegetation (above- and belowground plant biomass) and 
biogeochemical properties (soil OC, TN) were greatly reduced in the mid-slope position and 
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enhanced in the toe-slope position as described in Chapter 2. The greatest potential 
mechanism for soil erosion in these sites was water run-off detaching soil particles and 
depositing on the toe-slope position. In the NT-2003 site, significant increases in SOC 
content in the summit and mid-slope positions over two years were observed, but not in the 
toe-slope (Fig. 3.5). These results varied from the P-2003 site, where decreases in SOC 
content were observed in the mid-slope position, even though both sites’ tillage operations 
had ceased the same year. This might be attributed to the conservation practices in the NT-
2003 site, such as contour planting and leaving crop residue on the surface reducing soil 
erosion. The P-Remnant site on average had greater SOC content in the summit and mid-
slope positions than did the other sites, although SOC in the toe-slope position was similar to 
that of the reconstructed prairies and NT-2003 sites (Fig. 3.5). 
Site had a significant effect on soil TN accumulation in the top 15-cm soil depth over 
years since establishment for different slope positions (Fig. 3.6). Changes in TN content 
since establishment were not well described by a linear regression function at all slope 
positions. Additionally, the mid-slope position had a negative linear change as years since 
establishment increased, although increases in soil TN were observed in every site with the 
exception of the P-2003 site. Knops and Tilman (2000) have shown that vegetation 
composition can significantly affect N and SOC pools. In their study, prairies with high 
legume populations increased SOC and TN accumulation rates, C3 grasses and forbs 
decreased SOC, and C4 grasses increased SOC only (due to high C:N). This may explain 
why in the top 60-cm soil depth (Fig. 3.7a), TN sequestration rates were lowest in sites and 
slope position where a high population of forbs occurred; for instance, the P-1993 and P-
Remnant in the summit position, and P-2003 and P-1993 in the toe-slope position as 
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described in site description Tables 2.1 to 2.3. Similar results were shown in Fig. 3.8b, 
although differences in TN content among sites were more evident in the top 15-cm soil 
depth. Soil TN sequestration rates were greatest at soil depths of 45 to 60 cm and decreased 
at shallower soil depths (Fig. 3.8). Other studies have shown increases in TN sequestration 
rates in the 5 to 30 cm soil depth only (Gebhart et al., 1994; Franzluebbers and Stuedemann 
2005; Kucharik, 2007) and an increase in soil SOC and TN variability, as soil depth 
increased, leading to undetectable changes in SOC and TN sequestration rates below 15 to 30 
cm soil depth. In this study, it is unclear why soil depth was a significant factor in soil TN 
sequestration rates and not SOC sequestration rates, although variability in TN and SOC 
content was much higher and increases in ρb were greater (Fig. 3.1) once below the 15 cm 
soil depth. This may have resulted in magnified differences in net changes. Improved 
sampling and statistical designs are needed to take into account low concentrations of SOC 
and TN and high natural variability with soil depth.  
Effects of Landscape Position and Prairie Age on Water Stable Aggregate Distributions 
Initial WSA in 2005 are shown in Fig. 3.9. The largest increases in percentage of 
WSA were observed in the >4 and <0.053 mm size fractions, while the largest decreases 
occurred in the 2-1 and 1-0.5 mm size fractions (Fig. 3.10). The biggest increase in the 
percentage of WSA was observed in the mid-slope and toe-slope positions for fractions size 
greater than 4 mm (Fig. 3.11). The 4-2 mm size fraction at the mid-slope position was 
significantly greater than that of the summit and toe-slope positions (Fig. 3.11). Conversely, 
the summit and toe-slope positions had greater increases of WSA percentage of the 0.25-
0.053mm size fraction. This was expected, since the mid-slope position had a lower 
percentage of WSA of >4-1 mm fractions, compared to the summit and toe-slope positions 
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starting in 2005 (Fig. 3.9). Aggregate fraction percentage of <0.053 mm size of the summit 
position showed a greater increase compared to those of the mid-slope and toe-slope 
positions.  
Figure 3.12 showed differences in WSA percentage distributions changes within sites 
across all slope positions. In the summit position, only the NT-2003 site had an increase of 
WSA larger than 2 mm. However, the same site also had an increase of fraction <0.053 mm, 
as well as the P-Remnant prairie. In the mid-slope position, every site had increases of WSA 
larger than 2 mm. However, the NT-2003 and the P-Remnant prairie sites had increases in 
the <0.053 mm fraction as well. In the toe-slope position, every site, with the exception of the 
P-1998 site, had increases of WSA >4 mm. In addition, there were increases observed in the 
0.5-0.25 mm and 0.25-0.053 mm size fractions, with an exception of the P-Remnant site. In 
the <0.053 mm size fraction, changes where less than 3 percent in the toe-slope position.  
Time since establishment also played a major role in the formation of WSA. In 
general, the two youngest established sites (P-2003 and NT-2003 sites) had the lowest 
percentage of WSA greater than 1 mm compared to the older established prairies and P-
Remnant site (Fig. 3.9). Conversely, these two sites had a greater percentage of WSA less 
than 1 mm. This suggests these two sites have the greatest potential for increases in soil 
aggregation as shown in Fig. 3.12, although the same sites can potentially equal that of the 
other reconstructed prairies and P-Remnant site in WSA greater than 1 mm within ten years. 
These results agree with Jastrow’s (1996) study that soil aggregates can reach their maximum 
size approximately 10 years after cessation of tillage. 
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Effects of Landscape Position and Prairie Age on Water-stable Aggregates Associated 
Carbon and Nitrogen Sequestration 
The greatest increases in WSA-associated C were observed in the 2 to 1 mm fraction 
and the least were in the 0.25 to 0.053, >4 and <0.053 mm fractions (Fig. 3.13). This is in an 
agreement with macro- and micro-aggregation formation model by Six et al., (1999), which 
propose that micro-aggregates (>0.053 to 0.25 mm) provide greater physical protection of 
SOC than macro-aggregates (>0.25 mm), suggesting greater SOC sequestration in micro-
aggregates. Although one conceivably might think that macro-aggregates should have greater 
SOC sequestration rates than micro-aggregates, since macro-aggregates are comprised of 
micro-aggregates bound with freshly added organic residues (Oades, 1984; Six et al., 2000). 
The freshly added C that binds micro-aggregates into larger macro-aggregates is considered 
as soil C unprotected from decomposition of microorganisms and more susceptible to a 
disruptive process such as water movement, which results into breakage of the larger macro-
aggregates. This implies that recently added C input from plant residues is less important in 
the long-term SOC sequestration than physically protected C in micro-aggregates (Monreal 
and Kodama, 1997) and macro-aggregates (0.25 to 2 mm) as suggested in this study. 
However, inputs of plant residues can lead to greater accumulation of C binding agents that 
further stabilize micro-aggregates and smaller macro-aggregates within larger macro-
aggregates over time, which provides further protection from microbial decomposition 
aggregation (Six et al., 1999) and increase WSA (Six et al., 2000; Mikha and Rice, 2004). 
Figure 3.14 shows WSA-associated C varied by slope position and site. In general, the NT-
2003 and P-2003 sites had the greatest increases in WSA-associated C in the summit and toe-
slope positions, although in the mid-slope position, the two older established prairies, P-1998 
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and P-1993, had the greatest increases in WSA-associated C. This was expected, since the 
mid-slope position had lower SOC content and WSA greater >2 mm in 2005 than the summit 
and toe-slope positions (Fig. 3.9), which resulted in higher potential for SOC sequestration 
(Fig. 3.14). In addition, the P-Remnant site was consistently among the lowest in WSA-
associated C sequestration rates, suggesting this site had the least potential for additional 
significant increases in SOC. 
In Figure 3.15, differences in WSA-associated N between sites across all slope 
positions are shown. Once again, although site had a significant effect on WSA-associated N 
content, type of vegetations (forbs, legume, and grass) and their C/N ratio and lignin content 
seem to be the determining factors, in addition to years since prairie establishment and slope 
position effects. The WSA-associated N sequestration rates were greatest in sites and slope 
position, where high population of legumes occurred, such as the P-1993 and P-Remnant in 
the summit and P-2003 in the toe-slope as described in Tables 2.1 to 2.3. Additionally, high 
populations of forbs and grasses change little or decreased slightly WSA-associated N 
sequestration rates. In the NT-2003 site, plant vegetation varied by year, since it was in a 
corn-soybean rotation (2005 and 2007 in corn) and N fertilizer was applied when corn was 
planted, resulting in a much different N dynamics when compared to the prairies. In addition, 
size of the fraction was not a significant factor in WSA-associated N sequestration rates, 
suggesting that soil TN was not a significant factor in aggregate formation.  
CONCLUSIONS 
Slope position and time since establishment did have a significant impact on SOC 
sequestration rates in the top 15-cm soil depth only. At the summit position, the youngest 
established prairie (P-2003) had the greatest SOC sequestration rate at 2.15 Mg SOC ha-1 yr-
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, although rates sharply decreased as time since establishment increased over a 14-year 
period to near or below zero. The interesting finding of this study was that SOC increased 
linearly over the 14-year period at a rate of 0.73 Mg SOC ha-1 yr-1. However, there was 
greater variability in SOC sequestration rates at the mid-slope and toe-slope positions 
compared to the summit position. For the most part, this could be explained by losses of SOC 
and productivity of soil in the mid-slope position when soil erosion is high and deposition of 
SOC accumulates in the toe-slope position. As a result, SOC sequestration rates in 
reconstructed prairies in the mid-slope position were negative, especially during the first 5 
years before increases were observed.  Any increases in SOC were not significantly detected 
in this study. At the toe-slope position an average of 0.59 Mg SOC ha-1 yr-1 was determined 
over the first 14 years since prairie establishment. For soil TN sequestration rates, slope 
position and years since establishment were not significant determinants. Instead, vegetation 
type for each site and slope position was determined to being the main factor in N pools in 
these reconstructed prairies. In the cropland site that was converted into no-till in 2003 (NT-
2003), SOC content increased similar to that of the P-2003 site in the summit- and toe-slope 
positions. Although in the mid-slope position, increases in SOC content were similar to that 
of the summit position, due to residue and contour planting practices reducing soil erosion, 
not done in the P-2003 site. This resulted in lower SOC content in the mid-slope position in 
the P-2003 site. The P-Remnant site, which typically had the greatest SOC content across all 
slope positions, had no detectable changes. 
Slope position and time since prairie establishment or cessation of tillage also had a 
significant impact on WSA formation. In general, the two most recently established sites (P-
2003 and NT-2003) had the greatest increases in WSA greater than 2 mm distributions across 
           48 
all slope positions. However, formation of macro-aggregates of newly established sites 
occurred rapidly and can potentially reach similar WSA percentage distributions to that of 
older reconstructed and remnant prairies within approximately 14 years. In addition, the mid-
slope position had greater increases in WSA greater than 2 mm when compared to the 
summit- and toe-slope positions. Furthermore, the greatest increases in WSA-associated C 
were observed in the 2 to 1 mm fraction and the least were in the 0.25 to 0.053, >4 and 
<0.053 mm fractions. In summary, this study provides evidence for the existence of feedback 
between the formation and stabilization of WSA aggregates and SOC sequestration as 
affected by time since establishment (or cessation of tillage) and slope position effects. The 
greatest potential for the SOC sequestration rate occurred where SOC content was most 
depleted, when compared to a nearby P-Remnant site. This usually occurred in the most 
recently established sites, especially in the mid-slope position where soil erosion had 
occurred.  In addition, increases in SOC sequestration rates were only observed when WSA 
macro-aggregates distributions were increased. This suggests that the mechanism of soil 
aggregate formation, which aids in stabilizing soil organic matter, is critical in determining a 
site’s potential for SOC sequestration. 
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Table 3.1. Effects of slope position and time since prairie establishment on selected soil properties of different soil depths since 
2005.    
 Summit Mid-slope Toe-slope 
 -----------------------------------------------------------Soil Depth (cm)----------------------------------------------------------- 
Site 0-15 15-30 30-45 45-60 0-15 15-30 30-45 45-60 0-15 15-30 30-45 45-60 
 --------------------------------------------------------------ρb (Mg m-3)-------------------------------------------------------------- 
NT-2003 1.28a* 1.18a 1.14ab 1.17b 1.14bc 1.15b 1.20bc 1.13c 1.28a 1.27ab 1.24ab 1.18b 
P-2003 1.12bc 1.18a 1.19ab 1.25ab 1.32a 1.48a 1.54a 1.58a 1.22ab 1.23abc 1.11c 1.15b 
P-1998 1.23ab 1.26a 1.14ab 1.25ab 1.22ab 1.22b 1.20bc 1.31b 1.15b 1.28a 1.08c 1.18b 
P-1993 1.17ab 1.17a 1.09b 1.19b 1.11c 1.22b 1.11c 1.17c 1.16b 1.18bc 1.19bc 1.25b 
P-Remnant 1.05c 1.18a 1.23a 1.32a 1.06c 1.16b 1.28b 1.36b 0.98c 1.12c 1.26a 1.40a 
 ------------------------------------------------------------SOC (Mg ha-1) ------------------------------------------------------------ 
NT-2003 38.65b 33.10ab 24.85a 15.42a 33.88c 27.54b 21.80b 20.54ab 44.68a 40.62a 48.23a 36.62a 
P-2003 30.76c 31.21ab 25.93a 18.49a 40.39b 45.24a 46.66a 34.28a 38.20a 39.26a 42.49a 36.00a 
P-1998 36.69b 23.73b 12.37b 8.40b 34.37c 24.25b 13.75b 8.76b 40.90a 38.80a 36.14a 36.71a 
P-1993 41.35b 34.72a 24.23a 17.38a 25.23d 22.25b 15.93b 8.72b 44.65a 34.91a 36.57a 37.62a 
P-Remnant 55.90a 34.09a 23.26a 10.32a 51.63a 31.34b 25.24b 6.75b 40.75a 44.80a 39.77a 34.45a 
 -------------------------------------------------------------TN (Mg ha-1)- ------------------------------------------------------------ 
NT-2003 2.34c 2.02ab 1.69b 0.96b 2.97bc 2.17a 1.70a 0.95a 3.96a 3.28a 3.44a 3.61a 
P-2003 1.81c 1.55b 1.76b 1.26b 3.76ab 2.25a 2.25a 0.82a 3.57ab 3.18a 3.09ab 3.55a 
P-1998 3.21b 3.12a 1.65b 1.19b 3.06bc 2.25a 1.51a 1.23a 3.27b 2.81a 2.84ab 2.43ab 
P-1993 3.35b 3.00a 2.30a 1.78a 2.28c 2.09a 1.31a 0.71a 3.55ab 3.04a 2.44b 2.02b 
P-Remnant 4.38a 2.79a 1.99ab 1.07b 4.03a 2.66a 2.28a 0.90a 3.55ab 2.80a 2.36b 1.63b 
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Fig. 3.1. Changes in bulk density from 2005 to 2007 by soil depth across all slope positions 
and sites. Treatments with the same letter are not significantly different according to the 

























































































































































Fig. 3.2. Changes in bulk density for each site from 2005 to 2007 in the top (a) 60 cm and (b) 
15 cm soil depth as influence by slope position. Treatments within the same slope position 
with the same letter are not significantly different according to the least-squares means test at 


































r2 = 0.14, P = 0.3690





















r2 = 0.60, P = 0.0406 
y = -0.0147x + 1.3420
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Years since prairie establishment
























r2 = 0.29, P = 0.1344 











































Fig. 3.3. Bulk density of reconstructed prairies at different slope position over time (2 to 14 
year period) to a soil of 15 cm. A no-till site and remnant prairie bulk density values were 
included as references and they are not included in the linear best fit. Each point represents 
one plot that was averaged from 2005 to 2007.  




































































































































Fig. 3.4. Change in SOC stock for each site from 2005 to 2007 in the (a) top 60 cm and (b) 
15 cm soil depths as influenced by slope position. Treatments within the same slope position 
with the same letter are not significantly different according to the least-squares means test at 





































r2 = 0.81, P = 0.0022


























r2 = 0.72, P = 0.0151 
y = -0.73x + 38.85
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r2 = 0.57, P = 0.1362 











































Fig. 3.5. Soil organic carbon content over a 2 through 14-year period of reconstructed 
prairies to a soil depth of 15 cm. A no-till site and remnant prairie were included for 
comparisons with reconstructed prairies but not included in the linear best fit. Each point 
represents one plot that was averaged from 2005 to 2007 
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r2 = 0.88, P = 0.0019 
y = -0.0815 + 3.8799
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r2 = 0.24, P = 0.5621 
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Fig. 3.6. Soil total nitrogen stocks across of reconstructed prairies slope positions over time 
(2 to 14 year period) to a soil depth. A no-till site and remnant prairie were included for 
comparisons with reconstructed prairies but not included in the linear best fit. Each point 
represents one plot that was averaged from 2005 to 2007.   






































































































































Fig. 3.7. Soil total nitrogen (TN) sequestration rates for each site from 2005 to 2007 in the (a) 
top 60 cm and (b) 15 cm depths as influence by slope position. Treatments within the slope 
position with the same letter are not significantly different according to the least-squares 
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Fig. 3.8. Soil total nitrogen (TN) sequestration rate from 2005 to 2007 at different soil depths 
across all slope positions and sites. Treatments with the same letter are not significantly 





















Fig. 3.9. Changes in distributions of water-stable aggregate fractions from 2005 to 2008 
across all slope positions and sites. Treatments with the same letter are not significantly 
different according to the least-squares means test at P ≤ 0.1. 


























































































































































































































Fig. 3.10. Distribution of water-stable aggregates fractions as influenced by site and slope 
position in 2005 for each site. Treatments within the same size fraction with the same letter 
are not significantly different according to the least-squares means test at P ≤ 0.1. 
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Fig. 3.11. Changes in distributions of water-stable aggregate fractions as influenced by slope 
position from 2005 to 2008 across all sites. Treatments within the same size fraction with the 

















































































































































































































































































Fig. 3.12. Changes in distributions of water-stable aggregates fractions as influenced by slope 
position and site from 2005 to 2008. Treatments within the same size fraction with the same 
letter are not significantly different according to least-squares means test at P ≤ 0.1. 
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Fig. 3.13. Change in soil organic carbon (SOC) concentration in water-stable aggregates 
fractions from 2005 to 2008. Treatments within the same size fraction with the same letter 




















Fig. 3.14. Change in soil organic carbon (SOC) concentration in water-stable aggregate 
across all size fractions as influenced by slope position and site from 2005 to 2008. 
Treatments within the same slope position with the same letter are not significantly different 
according to least-squares means test at P ≤ 0.1. 









































































Fig. 3.15. Change in soil total nitrogen concentration in water-stable aggregate across all size 
fractions as influenced by slope position and site from 2005 to 2008. Treatments within the 
same slope position with the same letter are not significantly different according to least-
squares means test at P ≤ 0.1.   
 
           67 
CHAPTER 4 
 
EVALUATION OF SOIL CARBON BUDGET OF NEWLY RECONSTRUCTED 
TALLGRASS PRAIRIES IN SOUTH CENTRAL IOWA 
ABSTRACT 
In addition to their aesthetic and environmental qualities, reconstructed prairies can 
act as C sinks and potentially offset rising atmospheric CO2. Research during the past ten 
years has shown repeatedly the benefits of reconstructed prairies to sequester SOC. The 
objectives of this study were to determine the potential for SOC sequestration in newly 
established prairies on previously cultivated land, and whether reconstructed prairies act as 
sink or source for CO2. Net Ecosystem Production (NEP) was estimated using a C budgeting 
approach that assessed SOC content, soil surface CO2-C emission, and above- and 
belowground plant biomass. Study was conducted in Jasper and Warren counties in Iowa, 
2006 to 2007. Soils in both counties formed in loess under native vegetation of tallgrass 
prairie. All soil and plant sampling plots were located on summit positions and were chosen 
by year of establishment and the presence of relatively similar soils. There were three 
reconstructed prairie sites varying in establishment year-1993, 1998, and 2003. These sites 
were then compared to an adjacent row crop production site, categorized as a no-till site, 
established in 2003. A prairie remnant site was included to identify the upper limits for 
selected soil properties, prior to conversion to cultivated row crop production. The 
experiment was designed so that site was the main treatment, replicated three times along the 
summit positions in plots approximately 4 m2 and 30 m a part. Results show that differences 
between sites for total C potential input were primarily due to root biomass contributions. 
Also, total soil surface CO2-C emissions increased as prairie age increased. Calculations of 
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NEP show that the youngest reconstructed prairies had the greatest potential for sequestering 
atmospheric CO2. However, these soils are projected to reach equilibrium on C within a 
decade since establishment, suggesting that only early-established prairies can act as 
substantial sinks for CO2. Findings from this study suggest year since establishment may be a 




In recent years, conversion of crop and marginal land to reconstructed prairie has 
been gaining momentum due to the prairies’ aesthetic and environmental values. However, 
little attention has been given to the above- and belowground biogeochemical processes that 
can contribute to potential sequestration of significant amounts of atmospheric CO2 in the 
soil and consequent reduction of soil erosion (IPCC, 2000; Paustian et al., 2002; Lal 2004; 
EPA, 2008). In Iowa, this potential exists from the reduction of soil organic matter of 10 to 
40% from cultivation of tallgrass prairies (Russell et al., 2005) during settlement in the mid-
1800s. The amount of C that could be sequestered by reconstruction of prairies in previously 
cultivated cropland depends on the amount of residue incorporated into the soil and minimal 
soil disturbance (Lal et al., 2003; McLauchlan, 2006). Adoption of reconstructed prairies has 
been targeted, due to their large allocation of C belowground from their root biomass, which 
can range from 7 to 20 Mg ha-1 for tallgrass prairies (Seastedt and Ramundo, 1990). This 
allocation of C belowground is larger than corn and soybean cropping systems and temperate 
forest, which results in greater soil organic carbon (SOC) content (Schlesinger 1997; Al-
Kaisi and Grote, 2007). This is due to belowground C input being better protected from 
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decomposition, compared to surface litter and grass root systems, further enhancing C 
protection by soil aggregation (Jastrow 1987, 1996).  
Determining the quantity of atmospheric CO2 sequestered in the soil depends on the 
metabolism of the ecosystem. Atmospheric CO2 is fixed by plants and converted into organic 
carbon compounds through photosynthesis. Approximately 40% of the carbon is respired 
back into the atmosphere during rapid leaf expansion, although this decreases as the plant 
begins abscission to 25% (Curtis et al., 2005) in a mixed hardwood forest in Michigan. The 
rest of the organic carbon compounds are allocated to aboveground plant tissue and roots 
where CO2 is also respired. Once a plant begins senescence, litter formation and roots start to 
decompose by microorganisms. During decomposition, CO2 is released through microbial 
respiration, which is strongly correlated with soil temperature and moisture (Linn and Doran, 
1984 and Davidson et al., 1998, Luo et al., 2001) and residue lignin/nitrogen ratio (Geng et. 
al., 1993 and Mellio et. al., 1989). Root and microbial respiration makes up most of the soil 
surface CO2 efflux as long as measurements do not affect CO2 production and transport 
(Wide´n and Lindroth, 2003). Portions of root and litter that resist decomposition develop 
into a stable form of soil organic matter or is either decomposed and respired as CO2 to the 
atmosphere or stored as SOC that can last for hundreds and thousands of years before it is 
broken down by microbes (Lou and Zhou, 2006). In addition, only about 10% of soil 
respiration is derived from decomposition of older, more recalcitrant carbon compounds 
(Gaudinski et al., 2000). When coupled with potential C input from above- and belowground 
biomass, C loss from soil surface as CO2 efflux can be used as an indicator for annual carbon 
sequestered as shown by other studies using a carbon budgeting approach under grassland 
systems (Dugas et al., 1999; Frank and Dugas, 2001; Flanagan et al., 2002; Suyker et al., 
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2003; Yazaki et al., 2004; Kucharik et al., 2006). However, most of these studies when 
conducted in well established prairie sites were they concluded that these ecosystems were at 
or near C steady state. Furthermore, rates of SOC sequestration have been shown to be 
greatest during the early state of grassland establishment (Post and Kwon, 2000).                 
The focus of this study was to examine the effects of newly established tallgrass 
prairies on previously cultivated land and an adjacent remnant prairie, and row crop 
production site, on potential C inputs above- and belowground biomass, SOC, and C loss 
from soil surface as CO2 efflux. Additionally, C budgets for each ecosystem were determined 
using net ecosystem productivity (NEP), ecosystem C budget (ECB), and net CO2-C 
estimations.  
MATERIALS AND METHODS 
Site Description and Experimental Design 
This study was conducted in Jasper and Warren Counties in Iowa from May 2005 to 
December 2007. Table 4.1 summarizes descriptions for each site. Daily average air 
temperature and total rainfall are shown in Fig.4.1. Soils in both Jasper and Warren Counties 
formed in loess under native vegetation of tall-grass prairie (Bryant and Woster, 1978; 
Nestrud and Woster, 1979). All of the reconstructed prairie sites were located in Neal Smith 
National Wildlife Refuge (NSNWR) (41° 35' N, 93° 14' W) is Mahaska (fine, smectitic, 
mesic aquertic Argiudolls) and Tama (fine-silty, mixed, superactive, mesic Typic Argiudolls) 
soils. The remnant prairie was located approximately 60 miles southwest in Rolling Thunder 
Prairie (41° 10' N, 93° 43 W) in Warren County, on Sharpsburg soil classified as fine, 
smectitic, mesic typic Argiudolls. Historical background on the conversion of row crop 
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production to reconstructed prairie in NSNWR sites as well as present vegetative conditions 
on all sites was summarized in Table 4.1.  
All sampling plots were located on summit positions and chosen by year of 
establishment and similar soil properties (Table 4.1). There were three reconstructed prairie 
sites varying in establishment year; 1993, 1998 and 2003, categorized as P-1993, P-1998, and 
P-2003, respectively. These sites were then compared to an adjacent row crop production site 
which was categorized as a no-till site established in 2003 (NT-2003). A prairie remnant (P-
Remnant) site was included to identify the upper limits for SOC and TN of prairie ecosystem 
prior to conversion to cultivated cropland. The experiment was designed so that site was the 
main treatment, replicated three times along the summit positions in plots approximately 4 
m2 and 30 m a part.     
Soil Organic Carbon, Total Nitrogen, Bulk Density, and pH 
 Soil samples were collected in beginning of every May from 2005 through 2007 to 
measure any changes in SOC, TN, and pH. Ten to twelve soil cores were randomly taken to a 
depth of 15 cm in each plot and then homogenized in to a single sample. Samples were 2 mm 
sieved and then air dried before being analyzed for pH (1:1; soil to water) using an AR15 pH 
meter (accumet® Research, Fisher Scientific International Inc.); SOC and TN  determined by 
dry combustion using a LECO CN analyzer (LECO, St. Joseph, MI). Also, three bulk density 
samples were randomly collected using a 1.85 cm diameter soil probe in each plot. Soil cores 
were taken at depths of 0 to 7.5 and 7.5 to 15 cm, which were then oven dried at 105 ºC for 
24 hours and weighed. Bulk density (pb, g cm-3) was calculated as the dried soil mass divided 
by the soil core volume (Blake and Hartge, 1986). The average of the two depths was used. 
In order to have fair comparisons of SOC and TN between sites, where mean SOC 
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concentrations (g kg-1 dry soil) were multiplied by mean pb values and soil depth of 15 cm to 
convert SOC concentration to mass per area basis (Mg ha-1).  
Potential Total Carbon and Total Nitrogen Inputs from Above- and Belowground Plant 
Biomass 
Aboveground net primary productivity (ANPP) and belowground net primary 
productivity (BNPP) were measured to quantify potential C and N inputs from plant biomass. 
Net primary productivity (NPP) was calculated by adding ANPP and BNPP. Clippings of 
aboveground biomass from prairie sites at peak growth (cessation of all top growth) and row 
crop production site after harvest were collected in late August and mid-October, 
respectively (Scurlock et al., 2002). Plant samples were collected within a 0.10 m2 area frame 
and randomly placed on the ground in each plot in three replications. Only new growth was 
collected within the frame. Plant biomass was dried at 65ºC for seven days, weighed to 
determine dry matter weight, and grinded to fine powder for analysis. Total C and N 
concentrations from plant biomass were determined by dry combustion using a LECO CN 
analyzer (LECO, St. Joseph, MI) and concentrations values were multiplied by the plant 
biomass (dry matter m-2) to determine aboveground potential total C and N inputs in g m-2. 
Additionally, C content from grain for row crop production site was estimated using an 
equation from Hollinger et al. (2005) using C concentration of 447 g kg-1 and 540 g kg-1 for 
Zea mays L. (maize) and Glycine max L. Merr. (soybean), respectively (Loomis and Conner, 
1992).           
Using a soil core sampling method, BNPP was estimated, following the approach of 
Dahlman and Kucera (1965). A 7.6 cm diameter golf course hole-cutter was used to collect 
cores to a 15 cm depth in three replications for each plot just prior to resumption of growth in 
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mid-April. The mean initial root biomass was then subtracted from the mean end of growing 
season samples, collected in late August for each plot. Root turnover was calculated as BNPP 
divided by total root biomass in end of growing season. All samples were frozen until 
analysis could be performed. Soil cores were processed by sieving and flotation of roots 
using a hydropneumatic elutriation system (Gillison’s Variety Fabrication, Inc.) equipped 
with 530 micron screens (Smucker et al., 1982). Any non-root debris was removed during 
this. The roots were then dried at 65oC until all water was evaporated, and roots were dry and 
brittle. Root samples were then processed and analyzed as ANPP for potential belowground 
total C and N inputs. 
Seasonal Soil Surface CO2 Efflux and Carbon Loss from Microbial Respiration 
Weekly soil surface CO2 efflux readings coupled with soil moisture (TRIME-FM 
Time Domain Reflectometry, Mesa Corp.) and temperature (thermometer attached to LI-
COR 6400) at 5 cm soil depth were taken in each plot using a portable infrared CO2 gas 
analyzer (LI-COR, Inc., LI-COR 6400) with a soil respiration chamber. Readings were taken 
between 8:00 am and 11:00 am to approximate the 24-hour mean soil surface CO2 efflux (Xu 
and Qi, 2001) from May to December in 2006 and 2007. Soil CO2 measurements conducted 
by placing a soil respiration chamber over a 10 cm diameter PVC ring placed into the ground 
for the entire growing season at 3 cm soil depth and leaving approximately 2 cm of the ring 
above the soil surface. Four PVC rings were randomly placed within each plot 1 m apart 
from each other. In addition, every plant species within 15 cm2 of each ring was indentified 
to determine any effects on seasonal variations of soil surface CO2 efflux. The mean of the 
four rings was considered to be the soil surface CO2 efflux for the entire plot. 
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Cumulative soil surface CO2 efflux for the growing season was calculated as follows 
(Grote and Al-Kaisi, 2007): 
                       (1) 
where, Xi is the first CO2 efflux (kg ha-1 d-1) reading , and Xi+1 is the following reading at 
times ti and ti+1, respectively; n is the last CO2 efflux reading during the growing season and i 
is the first CO2 efflux reading in the growing season (Grote and Al-Kaisi, 2007). Cumulative 
soil surface CO2 efflux was then converted to CO2-C.    
To quantify C loss from microbial decomposition, a clipping and root exclusion 
experiment was also conducted in the P-2003 site, similar to that of Robertson et al. (1995). 
Clipping of aboveground biomass was completed in the P-2003 site plots, due to their diverse 
plant species population. Each plot had three treatments; bare surface (BS) and no roots 
(metal cylinder was installed as a physical barrier at 15 cm soil depth), clipped aboveground 
biomass with roots (C), and non-clipped aboveground biomass and roots (UC)—all 
replicated three times within each plot. Soil surface CO2 efflux, temperature, and moisture 
were taken bi-weekly as mention previously. The following main sources of CO2 efflux from 
the soil surface; live roots respiration (Rl), dead root decomposition (Rd) and microbial 
respiration (Rh) were measured.    
Soil surface CO2 efflux=CO2 (Rd + Rl + Rh)                                       (2) 
CO2(Rd) % = ((C - BS) / C) x 100                              (3) 
where, CO2 (Rd) represents CO2 efflux from dead root decomposition, Rl is CO2 efflux from 
live roots, Rh is CO2 efflux from microbial respiration, C is CO2 efflux from the clipped 
aboveground biomass with root system treatment, and BS is CO2 efflux from bare soil 
Cumulative CO2 (kg ha-1) = ∑ (Xi + Xi+1) ______ 
2 
*(ti+1 – t1) 
n 
i 
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surface with no root system. The CO2 efflux from the live root system was calculated as 
follow:   
CO2(Rl) % = [UC – (C –BS)]/ UC) x 100                 (4) 
where, CO2(Rl) represents CO2 efflux from the live root system and UC is CO2 efflux from 
the unclipped aboveground biomass treatment. The Rh CO2 efflux was determined as follows 
as the difference between total soil CO2 emission and root system contribution:  
CO2(Rh) % = Soil CO2 efflux - Rd - Rl     .               (5) 
Estimation of Carbon Budget 
The carbon budget for each site was estimated by measuring net ecosystem 
productivity (NEP) using a similar approach by Wang and Polglase, (1995),  Yazaki et al., 
(2004), Kucharik et al., (2006) determined by: 
NEP = (ANPP + BNPP x RT) – Rh                 (6) 
where, ANPP is potential C concentration input from aboveground net primary productivity, 
BNPP is potential C concentration input from belowground net primary productivity, RT is 
root turnover C concentration, and Rh is C loss as CO2 due to microbial respiration.  
Statistical Analysis 
 In general, data were analyzed using the general linear procedure (GLM) from SAS 
Institute Inc., (2002). Means were separated using the least significant difference (LSD) 
when treatment effects were significant. Statistical significance was evaluated at P ≤ 0.10. To 
determine the effect of time since establishment of reconstructed prairies on SOC dynamics, 
each plot was treated as an experimental unit for a total of 18 observations and treatment 
means for comparisons (3 replicated plots x 6 locations). Due to restrictions in manageable 
workload, treatment comparisons were unavoidably based on pseudo-replicated data 
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collection. To determine the relationship between soil surface CO2 efflux and soil 
temperature, soil moisture, day of year and their interactions, and plant species, a multiple 
backwards elimination regression analysis using JMP 6.0 (SAS Institute, 2002) was 
conducted to test the effects of these predicator variables on soil surface CO2 efflux.    
RESULTS AND DISCUSSION 
Soil Organic Carbon and Total Nitrogen 
 Soil organic C (SOC) content varied among sites (Table 4.2). The greatest SOC 
content occurred in the P-Remnant site in 2005 and 2007 (55.8 and 54.2 Mg C ha-1, 
respectively), while the smallest SOC content occurred in the P-2003 site in 2005 (30.7 Mg C 
ha-1). However, in 2007, the P-2003 site was not significantly different from the other 
reconstructed prairie sites, with the exception of the NT-2003 site, which was significantly 
smaller. Changes in SOC content over the two years were not significant, with the exception 
of the P-2003 and NT-2003 sites, where significant increases of 2.1 and 2.6 Mg C ha-1 y-1 
were observed respectively. This may be attributed to these sites’ relatively young age since 
establishment of prairie and no-till management compared to the other, longer established, 
reconstructed, and remnant prairies in this study. Similar findings by Kucharik (2007) have 
shown that SOC sequestration rates declined as the prairie age increased in reconstructed 
prairies in Wisconsin under previously cultivated Mollisols.   
 Total N content in the soil varied among sites and growing seasons (Table 4.2). In 
2005, the greatest total N content occurred in the remnant prairie (4.4 Mg N ha-1) and the 
least in the NT-2003 site (1.8 Mg N ha-1).  In 2007, the P-Remnant and the P-2003 sites had 
the greatest total N content (4.1 and 3.9 Mg N ha-1, respectively), while, once again, the P-
2003 prairie and NT-2003 sites were the only two sites with significant increases of total N 
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content in the soil. Similar to SOC results, years since establishment affected the rate of 
increase of total N content in the reconstructed prairies and no-till management in the NT-
2003 site with contributions from above- and belowground plant biomass. Knops and Tilman 
(2000) concluded that vegetation composition had a significant effect on SOC and total N 
accumulation rates. Generally, prairies with high legume populations increased SOC and TN 
accumulation rates, C3 grasses and forbs decreased SOC, and C4 grasses increased SOC only 
(due to high C:N). 
Above- and Belowground Net Primary Productivity 
Although vegetation type varied in each site (Table 4.1), results showed that ANPP 
was not significantly different among sites in 2007 (Table 4.3). In 2006, ANPP was not 
measured. Similar findings have been reported in a chrono-sequence of tallgrass prairie in 
Minnesota (Camill et al., 2004). In agroecosystems, recent studies in related soils in central 
Iowa have shown an average ANPP of 12 and 4 Mg ha-1 in maize and soybean systems, 
respectively (Al-Kaisi et al., 2005; Grote and Al-Kaisi, 2007). Other chrono-sequence 
tallgrass studies have shown differences in ANPP, although they are mostly explained by 
management practices, such as burning, mowing, and planting (Baer et al., 2002; Lane and 
BassiriRad, 2005; Foster et al., 2007).  In 2007, potential C input from ANPP did not vary 
among sites. This was due to similar ANPP and on average 42 % of C from plant tissue 
across all sites. However, potential N input from ANPP did vary among sites, resulting in 
different C:N ratios (Table 4.3). These differences in potential N input were due to 
differences in the physiology of plant species in each site (Table 4.1).      
There were significant differences in root biomass among sites (Table 4.3) and 
growing seasons. Below average rainfall might explain why root biomass was approximately 
           78 
47 % less in 2006 compared to 2007 (Fig. 4.1).  The largest production of root biomass 
occurred where root to shoot ratios were larger, in P-2003, P-1998, and P-Remnant sites 
(Table 4.3). In these three prairie sites, tallgrass prairie species such as Andropogon gerardii 
and Schizachyrium scoparium made up over half of the plant species (Table 4.1). In the P-
1993 site, over half of the plant species were either legumes or forbs, which tend to have 
smaller root to shoot ratios (Table 4.3). In agroecosystems, soybean and maize have been 
shown to have even smaller root to shoot ratios (Prince et al., 2001) compared to prairie 
systems. Also, plant populations were much lower in the NT-2003 site, due to row planting. 
In addition, all of the prairie sites in this study were burned every 1 to 3 years. Studies have 
shown that the burning of tallgrass prairies can affect root and aboveground plant production 
(Old 1969; Blair, 1997; Johnson and Matchett, 2001). In 2006, the P-1998 and P-2003 sites 
and in 2007, P-2003 and P-Remnant prairie sites were burned in the spring. This correlates 
well with root turnover (ratio of annual growth to total root biomass) for reconstructed prairie 
sites, but not for the P-Remnant site (Table 4.5).  Potential C input was greater in the prairie 
sites compared to the NT-2003 site, due to higher BNPP, although C concentrations in root 
tissues were not significantly different. Potential N input did vary among sites and year, due 
to BNPP and different concentrations of N in root tissue (Table 4.3). To take into account C 
loss from burning of aboveground biomass when calculating C budgets in Table 5, it was 
assumed that 75% of the total C was emitted to the atmosphere, while 5% was returned to the 
soil as long-term C in the form of ash-particulates and the rest was left unburned (Barbosa 
and Fearnside, 2005).        
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Soil Surface Carbon Dioxide Efflux 
 Figures 4.2 and 4.3 showed temporal and site effects on soil surface CO2 efflux in 
2006 and 2007, respectively. Sites differed in plant species, soil temperature, and soil 
moisture, which were major sources of variations in periodic soil surface CO2 efflux 
measurements among sites (Table 4.4). Early in 2006, soil conditions were much dryer, 
compared to those of 2007, resulting in lower soil surface CO2 efflux. Also, in 2006, there 
was a significant soil moisture x temperature interaction, and a day of year x soil moisture x 
temperature interaction for both years for soil surface CO2 efflux. In general, an increase in 
soil moisture only positively affected soil surface CO2 efflux when soil temperatures were 
high (greater than 5oC), but the opposite was true when soil was dry (soil moisture less than 
20 %). Similar results were presented by Franzluebbers et al., (2002). Additionally, when 
looking at the entire growing season, certain plant species had lower soil surface CO2 efflux, 
compared to other plant species (Table 4.4). These differences occurred due to plant growth; 
for instance, prairie grasses in this study had a longer growth period than that for soybean 
and maize systems. This resulted in higher soil surface CO2 efflux during the growing season 
for prairie grasses. Additionally, late season growing C3 grasses had higher soil CO2 efflux, 
compared to mid-season growing C4 and C3 grasses.      
Calculations of cumulative soil surface CO2-C efflux also showed differences among 
sites and between years during the growing season. Figure 4.4 shows that the NT-2003 site 
had the smallest cumulative soil surface CO2-C efflux at 3.37 Mg ha-1 and the P-Remnant 
prairie the largest at 6.18 Mg CO2-C ha-1 in the 2006 growing season. In 2007, the NT-2003 
site and the P-2003 prairie site had the smallest cumulative soil surface CO2-C efflux, while 
the P-Remnant site was once more the largest at 7.50 Mg CO2-C ha-1. In general, cumulative 
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soil surface CO2-C efflux tended to increase as the year since prairie establishment increased 
(Fig. 4.4). These results indicated that time since establishment of reconstructed prairies is a 
major determinate. This is due to autotrophic plant respiration and heterotrophic microbial 
respiration driven by substrate supply and controlled by C input from plant residue and 
accessibility of SOC (Parton et al., 1988). Other studies have shown increases in SOC as year 
since of establishment increased in reconstructed prairies and grasslands (Potter et al., 1999; 
Knops and Tilman, 2000; Kucharik, 2007) as well as labile C (microbial accessible C) and 
recalcitrant C (non-microbial accessible C) (McLauchlan et al., 2006). These findings 
suggest that prairies which have little potential for further increases in SOC such as the P-
Remnant and older reconstructed prairies (Table 4.2) and also often have large potential for 
C input (Table 4.3) will have larger soil surface CO2 emissions compared to less productive 
biomass ecosystems such as row crop production and younger established prairies. This 
might be attributed to the decomposition of plant inputs leading to greater accumulation of C 
binding agents resulting in soil aggregate formation, which provides further protection from 
microbial decomposition as discussed in Chapter 3. Prairies which have little potential for 
further increases in macro-aggregate formation such as it is hypothesized in the P-Remnant 
site, might not be able to store any new substantial amounts of C due to little protection from 
microbial activities resulting in the greater CO2 emissions.               
Potential C loss from Rh was indirectly estimated by measuring soil surface CO2 
efflux from clipping aboveground biomass and exclusion of roots experiment in the P-2003 
site, where a diverse plant species population occurred (Fig. 4.5). Since clipping of 
aboveground biomass altered soil temperature and soil moisture; LS means of soil surface 
CO2 efflux were used to eliminate the effects of concurrently change in soil temperature and 
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moisture on soil surface CO2 efflux. Based on these results, the average contribution to soil 
CO2 efflux from Rh was determined to be 65 and 62% for 2006 and 2007, respectively. 
Conversely, root respiration contribution to total soil CO2 efflux was 35% in 2006 and 38% 
in 2007. Other studies conducted in grassland systems have shown similar ranges from 15-
40% for root respiration (Herman, 1977; Paustian et al., 1990; Yazaki et al., 2004). Root 
respiration contribution to total soil surface CO2 efflux ranged from 1-53% from May to 
early September before increasing to 50-69% later in the growing season for both years, 
depending on soil temperature and moisture conditions (Fig. 4.5).      
Estimated Carbon Budget: Potential Source/Sink for Atmospheric CO2 
 Calculation of net ecosystem productivity (NEP) from estimates of Rh and net 
primary productivity (NPP), including root turnover rates, yielded differences among sites 
and growing seasons for potential C sequestered (Table 4.5). In the 2006 growing season, 
only the P-1998 established prairie site was a significant sink for C, while the P-1993 
established prairie site had a significant loss of C.  During the 2007 growing season, no site 
had any significant losses of C. Furthermore, the P-2003 and P-1998 established prairie sites 
showed the greatest potential for increases in SOC, due to greater C inputs and smaller C 
losses. These differences of NEP between growing seasons were due to less rainfall received 
in 2006 (Fig. 4.1), causing dryer soil conditions from mid-May to the end of June 2006, 
compared to 2007 (Figs. 4.2 and 4.3), resulting in lower values of NPP.  Additionally, losses 
of C through the Rh pathway were significantly greater during the 2007 growing season. 
Differences among sites were due to values of BNPP and whether the site was burned, and C 
losses by Rh as discussed in previous sections.  
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  Estimation of a carbon budget was also determined to take into account C loss from 
prairie fires. In the short-term, prairie fires nearly consume all of the aboveground biomass, 
although long-term effects through complex feedback mechanisms can stimulate root 
production, which results in greater SOC accumulation. This is due to grasslands allocating 
most of their photosynthetically-fixed C belowground into roots (Seastedt and Ramundo, 
1990). In 2006, the P-2003 and P-1998 established prairie sites were burned. This resulted in 
the only site (P-1998 site) with a significant positive NEP value to drop to near zero. The 
following year (2007), the P-2003 site was once more burned as well as the P-Remnant 
prairie. Both sites showed potential gains of C using the NEP method, although the P-2003 
established site was substantially reduced and the remnant prairie had a mean negative ECB 
value as a result of burning.  
Since soil surface CO2 efflux was only measured during the growing season, a linear 
regression model using soil surface temperature as the predictor variable (Fig. 4.6) was used 
to estimate missing cumulative soil surface CO2 efflux data across all sites (Fang and 
Moncrieff, 2001; Dornbush and Raich, 2006). This resulted in an additional 0.39 and 0.41 
Mg C ha-1 from early December to early May for 2006 and 2007 in all sites, respectively. 
This represents 7-14% of the total soil CO2 efflux during the growing season, which is within 
the range reported in a similar study in central Iowa (Dornbush and Raich, 2006). This makes 
up a relatively small portion of the annual Rh, changing little from the NEP results in Table 
4.5. Values of NEP for tallgrass prairies from other studies ranged from -1 to 1.9 Mg C ha-1 y-
1
 (Dugas et al., 1999; Suyker and Verma; Yazaki et al., 2004; Kucharik et al., 2006). Most of 
these studies concluded that C budgeting for tallgrass prairies sites, already well established, 
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was at or near equilibrium. This was the case in the P-Remnant and P-1993 sites as well, 
while the two younger reconstructed prairie sites did have significantly higher NEP values.  
However, results from the NT-2003 site, under no-tillage, were inconclusive, due to 
different crops grown each year. Although, other studies have shown lower C budget values 
under soybean, compared to corn under no-tillage with soybean-corn cropping systems 
(Hollinger et al., 2006). On average, this row crop production site had a relatively small NEP 
value, but was a significant sink for CO2 from the atmosphere when C allocation to grain was 
considered.   
CONCLUSIONS 
The findings of this study suggest that C sequestration in these prairies and row crop 
production sites, as estimated by NEP and ECB, was affected by BNPP and management 
such as annual burning of prairie sites, as well as microbial respiration rate (Rh) as controlled 
by substrate supply and accessibility of SOC. Evidence of this included cumulative soil 
surface Rh increasing as years since the prairie was established increased. The greatest Rh 
occurred in the remnant prairie and the least in the cropland site. SOC content was greatest in 
the remnant prairie site, while the youngest prairie site (P-2003) had the least. Additionally, 
during the three-year period of SOC sampling, only the P-2003 and recently converted no-till 
site (NT-2003) had significant increases in SOC. Potential above- and belowground C input 
as estimated by ANPP and BNPP were greater in the newly established P-2003 and P-1998 
prairie sites followed by the P-Remnant site compared to the NT-2003 site and P-1993 site, 
due to plant species physiology and planting in row-crop site. Calculations of NEP show that 
the P-1998 and P-2003 sites had the greatest potential for sequestering C in the soil. 
However, loss of C from prairie fires can significantly reduce NEP values just below or near 
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zero. When taking into account C allocated for grain, the NT-2003 site was a bigger sink for 
CO2 compared to the oldest reconstructed prairie site and the remnant prairie. In summary, 
the two younger reconstructed prairies sites were superior in sequestering C (mainly through 
biomass and surface litter), compared to the older prairies and row crop production site, and 
sinks for atmospheric CO2 with the exception of the NT-2003 site. Actual increases in SOC 
content from 2005 through 2007 were only seen in the newly established P-2003 and NT-
2003 sites. 
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Table 4.1. Ecosystem, establishment year, current plant species, physiographic, and selected soil properties for each site. 
*0-15 cm soil depth 
 Site Description 
Characteristic NT-2003 P-2003 P-1998 P-1993 P-Remnant 
Ecosystem      
   Vegetation type Row crop Prairie Prairie Prairie Prairie 
   Establishment 1870’s  
no-till since 2003 
2003 1998 1993 Native remnant 
Plant Species 2006 - Glycine 
max L. Merr. 
















 Trifolium  
pratense 
Andropogon 









Physiography      
   Elevation (m) 915 915 890 900 320 
   Slope (%) 0-1 0-2 0-6 3-4 2-4 
Soil properties      
   Soil associa. Otley-Mahaska Otley-Mahaska Otley-Mahaska Otley-Mahaska Ladoga-Gara-Armstrong 
   Soil type Mahaska Mahaska Tama Mahaska Sharpsburg 
   Sand (%) 5 2 2 2 2 
   Silt (%) 67 69 70 71 69 
   Clay (%) 28 29 28 27 29 
   Total C (kg m-2)* 3.73 3.52 3.86 3.62 5.33 
   Total N (kg m-2)* 0.26 0.39 0.32 0.31 0.40 
   C:N* 14.35 9.03 12.06 11.68 13.33 
   pH* 7.14 6.39 7.16 6.89 6.70 
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Table 4.2.  Soil organic C (SOC), total N (TN), and C:N in the top 15 cm soil depth of different  











*Means with the same lower-case letter across rows are not significantly different at P ≤ 0.10  
across years. Means with the same upper-case letter within each column are not significantly  
different at P ≤ 0.10 across sites.
 SOC  TN   
Site 2005 2007  2005 2007  2005 2007 
 - - - - Mg C ha-1 - - - -  - - - - Mg N ha-1 - - - -  C:N 
NT-2003 38.7aB* 43.8bB  2.3aC 3.5bBC  16.82aA 12.60bB 
P-2003 30.8aC 35.1C  1.8aD 3.9bAB  17.25aA 8.93bC 
P-1998 36.7aB 36.8aC  3.2aB 3.3aC  11.43aB 11.33aB 
P-1993 41.3aB 39.2aBC  3.3aB 3.0aC  12.35aB 13.24aAB 
P-Remnant 55.8aA 54.2aA  4.4aA 4.1aA  12.76aB 13.58aA 
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Table 4.3.  Summary of dry matter above- and belowground biomass, potential, total C (TC), total N (TN) inputs, C:N and root to 















*Aboveground biomass was not collected in 2006. Estimates were based on root to shoot ratios and total carbon/nitrogen 
concentrations from 2007. This was not possible for the row-crop site since different crops were planted in 2006 and 2007.   
†Means with the same letter within each column and year are not significant different at P ≤ 0.10.   
‡R/S was determined by total root biomass divided by total ANPP. 










 Aboveground input Belowground input  
Site ANPP TC TN C/N BNPP TC TN C:N R:S‡ 
2006*  - - -- - - - - -Mg ha-1 - - - - - - - - -   - - - - - - - - -Mg ha-1 - - - - - - - - -   
NT-2003-S§  1.74   0.41b 0.17c 0.01b 22.60c NA 
P-2003 5.04* 2.92 .028 78.52 4.35a 1.74ab 0.04ab 53.44b NA 
P-1998 9.33 3.36 .052 76.91 7.73a 3.23a 0.05ab 68.54a NA 
P-1993 2.95 1.45 .026 52.01 1.41b 0.79b 0.04ab 20.79c NA 
P-Remnant 7.42 3.19 .072 51.24 6.77a 2.73a 0.06a 47.30b NA 
          
2007          
NT-2003-M S§ 12.37a† 5.00a 0.11a 45.97b 1.66d 0.73c 0.02c 34.49c 0.42c 
P-2003 12.97a 5.57a 0.07c 78.52a 13.47a 5.39a 0.11a 53.45b 1.29a 
P-1998 14.31a 6.08a 0.08bc 76.91a 9.69b 4.05a 0.06bc 68.54a 1.11ab 
P-1993 11.35a 4.91a 0.10ab 52.00b 5.27c 2.14b 0.05bc 40.53bc 0.78b 
P-Remnant 12.24a 5.34a 0.11a 51.24b 9.67b 3.87b 0.08ab 47.14bc 1.29a 
 94
Table 4.4. Soil surface CO2 efflux (kg ha-1 day-1) as predicted by year, day of year (DOY), soil temperature (T), soil moisture (M), 
and the abundance of plant species for 2006 (n=957), 2007 (n=1321) and combined growing seasons (n=2278).   
 
*NA not applicable. 
†Removed from model. 
Ag = Andropogon gerardii , SN + AS = Sorghastrun nutans and Andropogon scoparius,  EC + BI = Elymus Canadensis and 
Bromus inermis, F = Forbs, L = Legumes, GM = Glycine max, ZM =  Zea mays L. 
 
2006 2007 Combined years 
Term Estimate Prob> ltl Estimate Prob> ltl Estimate Prob> ltl 
  - - - - - - - - - - - - - - - - Source of variation - - - - - - - - - - - - - - - - -  
Intercept -99.461 <.0001 239.863 <.0001 123.913 <.0001 
year NA* NA NA NA 9.350 <.0001 
doy 0.202 0.006 -0.644 <.0001 -0.314 <.0001 
T 10.671 <.0001 2.581 <.0001 4.823 <.0001 
doy x T -0.022 0.007 0.001 0.421 0.019 0.002 
M -0.808 0.053 -1.307 0.0001 -0.954 0.0004 
doy x M -0.032 <.0001 -0.014 0.019 -0.040 <.0001 
T x M 0.299 <.0001 0.065 0.436 0.045 0.325 
doy x T x M -0.008 <.0001 -0.003 0.036 -0.004 <.0001 
AG 0.305 0.002 0.486 0.006 0.439 <.0001 
SN+ AS 0.286 0.003 0.331 0.0003 0.386 <.0001 
EC + BI eliminated† eliminated eliminated eliminated eliminated eliminated 
F 0.942 0.001 0.500 0.022 0.713 <.0001 
L 0.489 <.0001 0.594 0.015 0.578 <.0001 
GM -99.520 <.0001 NA NA -76.114 0.0008 
ZM NA NA -113.488 0.001 -97.926 0.0004 
R2 adj 
Root mean square error 
Mean of soil surface CO2 efflux 
















Table 4.5. Estimated carbon budget during the 2006 and 2007 growing seasons from potential carbon input from above ground  net 
primary productivity (ANPP), below ground net primary productivity (BNPP) to a depth of 15 cm.  
 
 ANNP BNNP  Grain C† C Loss‡ NPP Rh NEP ECB Net CO2-C 
Site - - - -Mg C ha-1- - - - RT - - - - - - - - - - - - - - - - - - - - - - - - - - -Mg C ha-1- - - - - - - - - - - - - - - - - - - - - - - - - - - 
2006           
NT-2003-S§ 1.74* 0.17c 1 1.78 — 1.78c 2.20c -0.42b -0.42ab 1.36a 
P-2003 2.92 1.74ab 0.73b — 2.15 4.10b 2.94b 1.16b -0.99bc -0.99bc 
P-1998 3.36 3.23a 0.74b — 2.48 6.59a 3.24b 3.35a 0.87a 0.87a 
P-1993 1.45 0.79b 0.54b — — 1.81c 3.81a -2.00c -2.00c -2.00c 
P-Remnant 3.19 2.73a 0.60b — — 4.41b 4.01a 0.40b 0.40ab 0.40ab 
           
2007           
NT-2003-M§ 5.00a¶ 0.73c 1 3.55 — 5.25c 2.75c 2.49b 2.49b 6.04a 
P-2003 5.57a 5.39a 0.83b — 4.11 10.06a 3.10c 6.97a 2.86b 2.86b 
P-1998 6.08a 4.05a 0.48a — — 9.21ab 3.62b 5.25a 5.25a 5.25a 
P-1993 4.91a 2.14b 0.46a — — 5.93c 3.94b 1.98b 1.98b 1.98b 
P-Remnant 5.34a 3.87b 0.60b — 3.94 7.77b 4.65a 3.12b -0.82c -0.82c 
           
 
*ANPP was not sampled in 2006, estimates are based on 2007 root to shoot ratios and 2006 root biomass.  
†Carbon content in grain based on 177 and 355 g m-2 multiplied by carbon fraction of 0.54 and 0.45 for soybean and maize 
respectively (Hollinger et al., 2006).   
‡Carbon loss from prairie burns assuming 75% of total carbon from ANPP is lost as CO2 emission (Barbosa and Fearnside, 2005).          
§Cropland-S site with soybean and Cropland-M site with maize. 
¶Means with the same letter within each column and year are not significant at P ≤ 0.1.  
RT is root turn over rates (RT = BNPP / total end of season root biomass), NPP is net primary productivity (NPP = ANPP + 
BNPP), Rh is microbial respiration, carbon loss from prairie fires (C loss), NEP is net ecosystem productivity (NEP = NPP - Rh), 
ECB is ecosystem carbon budget (ECB = NEP – C Loss), and net CO2-C (net CO2-C = ECB + Grain C).      
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Day of Year






































Fig.4.1. Daily mean air temperature and total rainfall during (a) 2006 and (b) 2007 growing 
seasons from a nearby weather station in the Neal Smith National Wildlife Refuge where 
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Fig. 4.2. Temporal and site patterns of soil CO2 efflux, soil moisture, and soil temperature for 
2006 growing season. Error bars indicate standard deviation.  
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Fig. 4.3. Temporal and site patterns of soil CO2 efflux, soil moisture, and soil temperature for 
2007 growing season. Error bars indicate standard deviation.   
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Fig. 4.4. Cumulative soil CO2-C effluxes for each site for 2006 and 2007 growing seasons. 
Cumulative soil CO2-C means of sites within each year with the same letter are not 







































































































































































Fig. 4.5. Temporal patterns in soil temperature, soil moisture, and percentage of root 
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Soil Surface Temperature (oC)



















































Fig. 4.6. Relationship between soil surface CO2 efflux and soil temperature to a depth of 5 
cm during 2006 and 2007 growing seasons. 
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CHAPTER 5 
GENERAL CONCLUSIONS 
 These studies show the importance of evaluating the effects of slope position and 
time since prairie establishment on SOC sequestration rates. Detectable changes in SOC 
content were only observed in the top 15 cm soil depth in reconstructed prairies. In general, 
these changes were usually increases, with the exception of the youngest reconstructed 
prairie (P-2003) in the mid-slope position, where a decrease of SOC content was observed, 
due to soil erosion from lower water infiltration rates compared to the toe-slope position. In 
the summit position where infiltration rates were similar to the mid-slope position, SOC loss 
due to surface water runoff was less likely than the mid-slope. In addition, infiltration rates 
positively correlated well with SOC concentration and root biomass, which increased as 
years since the prairie establishment increased, and negativity correlated with ρb, which 
decreased as years since prairie establishment increased. In the toe-slope position, where the 
greatest SOC content and root biomass and lowest ρb occurred, infiltration rates were also 
well correlated with these soil properties. This was attributed to SOC accumulation from 
roots and aboveground biomass and deposition from the mid-slope position increasing the 
soil porosity in the toe-slope position. This finding may explain the dynamics of SOC 
sequestration in reconstructed prairies that vary in landscape positions and years since 
establishment.  
In the summit position, the youngest established prairie (2003) had the greatest SOC 
sequestration rate at 2.15 Mg ha-1 yr-1, although rates sharply decreased as time since 
establishment increased after five years to near or below zero. Additionally, when SOC 
content was plotted over years since prairie establishment, SOC increased linearly over the 2- 
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to 14-year period at a rate of 0.73 Mg ha-1 yr-1.  In the toe-slope position, SOC sequestration 
rates were much lower at 0.59 Mg ha-1 yr-1 the first 14 years since prairie establishment. 
However in the mid-slope position, a linear regression model was a poor predictor for SOC 
content in reconstructed prairies varying in years since establishment. For the most part, this 
could be explained by losses of SOC and productivity of soil in the mid-slope position, where 
soil erosion is high and deposition of SOC accumulates in the toe-slope position. As a result, 
SOC sequestration rates in reconstructed prairies in the mid-slope position were negative, 
especially during the first five years before increases were observed. Furthermore, increases 
in SOC sequestration rates were only observed when WSA macro-aggregates distributions 
also increased. This suggests that the mechanism of soil aggregates formation that aids in 
stabilizing soil organic matter is critical in determining a site’s potential for SOC 
sequestration.  
The two younger established reconstructed prairies sites (1998 and 2003) were 
superior in both sequestering C and as sinks for atmospheric CO2, compared to the older 
reconstructed prairie sites and the remnant prairie when using a NEP C budget approach. 
This was primarily due to greater potential C input from root biomass and lower soil surface 
CO2 efflux. However, these soils are projected to reach a C equilibrium within a decade since 
establishment, suggesting that only early-established prairies can act as substantial sinks for 
CO2. Findings from this study suggest that slope position and time since establishment may 
be the leading factors in determining the effectiveness of reconstructed prairies for soil C 
sequestration potential. 
 
 
